-1- MUJLTIPATH HEIGHT FINDING METHOD FIELD OF THE
INVENTION [0001] This invention relates to methods for determining the
height of an object, and more particularly to methods for determining the
height of a target using a multipath sfgffal. BACKGROUND OF THE
INVENTION [0002] Radar can be used to determine the range of a target
from a radar set may 8k . i ow radar
beam can be scanned in azimuth and/or elevation to deternine the
azimuth and elevation of a target. The narrow beam needed for good
resolution at long distanégw. In addition, since
et TagdensairioRrdixed WithéasRRCIIP dbRaRoMNG, Mdaigiehelevatidbiect, and
measured from an aircraftﬁjoes not provide a direct determination of th

MOrBRHFHPHE PARSERORSOOE P ERINNG Hisdt iRt hAdiaH isitfetemthiHRgn signal.
the height of a targe §sIRWG RaENBLEs vl aieratanarcraft.
UMMARY OF THE INVENTION [0004] One aspect of the invention
f@&%@%@gﬁﬁm efé‘ﬁ%féf@rﬂ’%ﬁ@ﬂ‘?e‘%‘éf&ﬁﬁﬁ—f’? BIA ReFJEPHpiRAAr set that may
be meukiReeor he aiefind compoisaadaeiiansceh (5 Seiesa Mg amoifiangertievation
from a source to a target, (b) determining a distance L representative of a

to dejrinine i daialty) S GraTaHnm Meadrieethdns ratteasmseded for good

resolauEAce lenthaisauies righigeteminishaReIoN iafibs, speaiaReNed88s are not

urface, (d) determining the height Hof the  target using the equatiqn, (L2 -
fixech By e (o R RGP A SR 4 RS R @Razr.mh does not

provHR)2 dwberaubtisiniiziyertanmiig: ik f)tﬂ?géf) updating the
eter Hp using the formula HP = (Re+H)2 - a2 -Re,. wherein Re is )
ﬁ@%ﬂ%&%@?@f émﬁa%tm& i@p%tfagwwé%pgs&%@ (rarifsiget using
paratiBie(R) dFefgatiagistepaificridetermining a height of the target using the
f I '
ormdia SUMMARY OF THE INVENTION
[0004] One aspect of the invention provides a method for determining the height

H; of a target above a surface. The method comprises the steps of (a) determining a
distance R from a source to a target, (b) determining a distance L representative of a distance
traveled by a signal from the target that 1s reflected by the surface to the source, (¢)
determining a height / of the source above the surface, (d) determining the height H,of the
target using the equation,

4AH

(e) determining a parameter ¢ using the formula

'\/Rz H(HTMHP)E . e e
a= T » wherein H,, 1s inttialty set equal to H,
1+—L
HP

(f) updating the parameter 17, using the formula

H, =/@®e+ H)* —a* —Re, wherein Re is the radius of a sphere,
(g) repeating step (e) using the updated parameter /),
(h) repeating step (f),

(1) determining a height of the target using the formula



-2Ja HHTR =- Re+ (Re+ HT) 2 +a- (HL 1L P and outputting the
height HTR. [0006] The invention also encompasses an apparatus
comprising a radar transmitter for emigggg radiation and located at an
altitude H above a reflecting surface, a fadar receiver for detecting the
radiation reflected from a target located at ltitide Hr above the
reflecting surfageRand ReprgResdi fOf ¢até %ﬁn& the target altitude HT
from the relationship (L2 -R2) HT 4H wherein’k is a path length of the
radigtion reflected from th et and the reflecting surface to the
re@@v‘%‘m&ﬁﬂ% %h%&%fﬁleen the radar transmitter and the target. L
is also the path length of the radiation transmitted by the transmitter to the

Beg%ﬁiﬁkgﬁwmxﬁﬂﬁltﬂ%eeﬁ@éﬂ%a%%ﬁ LEpataRIE LN d BiEadar transmitter

AWINGS [0007] FIG. 1 is a diagram of an aircraft and target’system )
foremiffineratiativn aé destcd riaialitnde i prug aieleotingsurigrm @dar receiver
forP QR AV R AAIRIRYP B ARk BUSHRIGSHEAMBHARE 9, B6ove the reflecting

invention. [0009] FIG, 3 is a block diagram of a height finding iterative

surgss. 1o raperessendos ebislatng thaieranalivpdedtidromtharcigaship
the method of the invention. DETAILED DESCRIPTION OF THE
INVENTION [0011] This invent}p?nfeﬁgie_sﬁo_)crgethods and apparatus for
finding the height of a target using muléfath information. In one

wherehodine padf 1becthvehtienadidtebeastieineinadpt isnsedndnif $80686hg surface
o gﬁbodiment, a spherical model is used. [0012] The geometry for the

Befieh @t e A anHh RO HA 1 b HanE ks andrhe graet L. is also the
pathlGndthaofiigkatigiaibis taestemiel BOitHelRarshakaetioMhicheAatiRe durface and to the

second aircraft, is located at point 12. The first aircraft is located at a
1:"‘”-"ﬁﬁfght H above a flat surface 14. The method seeks to determine the

height HT of thg rargeabovR g {ORSUIfATRIE DRAWINGS
[0007]  FIG. 1 is a diagram of an aircraft and target system that illustrates the method

t

of the invention.

[0008] FIG. 2 is a diagram of another aircraft and target system that illustrates the
method of the invention.

{0009]  FIG. 3 is a block diagram of a height finding iterative loop.

[0010]  FIG. 4 is a block diagram of an apparatus that can perform the method of
the imvention.

DETAILED DESCRIPTION OF THE INVENTION
[0011] This invention relates to methods and apparatus for finding the height of

a target using multipath information. In one embodiment of the invention, a flat earth type
model is used. In a second embodiment, a spherical model is used.

[0012] The geometry for the embodiment of the flat earth height finding model is
shown in FIG. 1. In FIG. 1, a first aireraft is located at point 10. A target, which can be a
second aircraft, is located at point 12. The first aircraft is located at a height H above a flat
surface 14. The method seeks to determine the height H of the target above the flat surface
14. Vector 16 has a magnitude R, which represents the distance (range) from point 10 to
point 12. In a practical implementation of the invention, this distance could be determined
using a radar in the first aircraft. Angle € is the angle between the vector 16 and the flat
surface 14. Vectors 18 and 20 represent the path of a multipath signal, which may be a radar
return signal from the target. Vectors 18 and 20 have lengths L; and L,. Point 22 is the point



14. Vector 16 has a magnitude R, which represents the distance (range)
from point 10 to point 12. In a practical implementation of the invention,
this distance could be determined using a radar in the first aircraft. Angle
B is the angle between the vector 16 add-the flat surface 14. Vectors 18
and 20 represent the path of a multipath signal, which may be a radar
at vaughn thig flat frarfathadflegtt tteotars I8gant 20Himyeilenigtiafértedrnd b@ the ground

i ISt int-3- at which the flat surface reflects the return signal.
bo%%%%éﬁoﬁéﬁ%%% %)ea%vﬁ %@‘oﬁ%"aﬂ qbounce inflection point of the

IS point'is
nk00A3dth skheatlqo8il 8)rfiheobitisadidorinedahgio hdiphthH tasgitiveiht FéTlows. The
{gﬂ [y follows. . The .distance traye gb %return ignal, als?h .
e T, A R B R A SR P s i
as:shown in FIG. 1, the relevant parameters are as follows: R = Range
distance from the first aircraft to the gjln[g t, LiL: Distance from the first
aircraft to the ground bounce inflectioi] ith, 1.2=- Distance f the

- As bakaeh 19 16 01 oed SRR AIBEHLO RO faI B WAGTIZoNtal component of
the distance from the first aircraft to the ground bounce inflection point, b

= H&E&%ﬁ%@_ﬁﬁﬁb‘éﬁ?&ﬁ?@m&ﬁﬁ&éﬁm@wget to the ground
boupee ripflaqlioRHQite %ﬁtgltgrgﬁ %ea?eegftvaﬁ{a &b&ﬁggg@g@@%@%?g

(direction from the first aircra e targét) and th

su éfé::é le;aandf?mm@‘eamah:mﬁihn@me [Eﬁ?ﬁénr@ﬁnmriangle 24
is defin the first aircraft altitude H, vegtor 18, the segment a.
el o e el Rt B S AR o, g bounce

inflegtinglpo28,is formed below the horizontal surface line 14. Point z is

defiped as the apex of trianglr%z& Due to symmetry, the distance from
the a?ggs%zp%’l FRPORHY ri%néaft%;fa?f@nﬁﬁﬁ {REetfistathe fsnd bounce

inflgaivh pédnthe target is a + b and the vertical component of the distance
from point z to the target is H + HT. From these parameters, the total

lendiFLLbetRREYS BeiteER (he da1gh Mgiettoto fiinReREan fremothsnfisy; aircraft to the
targbBaAMAHAHJH (IR (@he Byt 450408 trigonometry equivalents for a +

b, equation (2) can be converted to:
z = Apex of an auxiliary triangle.

[0014] A right triangle 24 is defined by the first aircraft altitude H, vector 18, and the

segment a. The triangle 24 is mirrored about the segment a axis such that an auxiliary
triangle 28 is formed below the horizontal surface line 14. Point z is defined as the apex of
{riangle 28. Due to symmetry, the distance from the target to point z is L. The horizontal
component of the distance from point z to the target is a + b and the vertical component of the
distance from point z to the target is H + Hy. From these parameters, the total length L of the
ground bounce signal path conforms to the following:
I =(a+b)* +(H+H,)* @

By using some trigonometry equivalents for a + b, equation (2) can be converted to:

‘(a+b) ={Rcos8)* =R*{1-sin*@)=R*~(H,-H)? 3)

Inserting the result equation (3) into equation (2) leads to:

=R ~(H,~-H) +(H+H,)* @
Solving for equation (4) for HT leads to the closed form solution of:
S L?- - RZ
| H, =£_—) (5)

4H



(a+b)2=(R cos 0)2=R2{1-sin20)=R2-(HT-H)2 (3) Inserting the result

equation (3) into equation (2) leads to: L2 =R2 -(Hr -H)2 +(H+HT)2 (4)

Solving for equation (4) for HT leads to the closed form solution of: H(eR)

(5) r 4H -4- [0015] Distances such as-Rtand L and sometimes H are

determined by time delay. A normal radar will measure the time it takes for
al8fg&dI to Pastancesterde kaf bodd sedtsSinentsidtatalddsimyitieddy time delay., A

enr 2 dj e fray ice the.r ( .
oS SRR U S DS O Rl A 0 . e
thiz ateabddbyythienepreptstingssigtistiatrer elaveldd obf iswieeytintosagoe (Re, sheeahge can be

f.light).. Multiplying the total delay ti th d. of light vie i
o 0D L R TR LRSS e ot
thersipgd Rairelsgrdticn iGYefPCké} Fo thibepisianichghtth dMeltigil wegabiditivaladelay time

ignal retums _having.longer delays_than the main returh,. ond;retun
by B el B E HE N RSV SIS weed 0
deterpath tromipe Kadaqtotioe (afget, then back down to the ground bounce

i ion pgint,, and back his.delay.enc I

s e L R R RS AR ety
thapalth naBimitarty aithiedoovlarappisignabtiaften toursdehichged soaimsignel) is produced

i Ar ' 0

o SRR A A AR BSTUEE SU Wrna bwce
infltet oneivint Lagalibathsteldlayadar cBristdeR-dncPhpsseoadienatiahivdhirehuinsdudes the
_ ) i i singl ) .
i B B R R Bl M R e D, AR Wkrapping
retusnisteaetiow hisguhtsinttire tengpting didan 2hA fourttessifined repath fepredentensmitter

t # r itter to.the i i0R: pOI
cosf1F T WO PR USRI (17 o0 U G PRI back o the
radahe ghgaimd thudekainfieptisenpoit e badketsehendidad Thieddegiyrgsrmay not be
- 4NIS. 8 d istan 2%, id .
i R o B ISk A VD nowing L4R and

aiSCpEr&m_tépsr,m flatpwiodsinipde sehicition3Esuind) grolddesh émeans for

A S R e
grovod pouitisiénflectilenipnint and then to the target. From the target, the signal retutns back
down to the ground bounce inflection point and back to the radar, The delay for this signal
return corresponds to a distance of 2%L.

[0018]  Besides providing insight into how target height varies in relation to the input
parameters, the flat model (i.e. equation (5) alone) provides a means for computing output
errors that are very close to that of the spherical solution and for very long ranges on paper
\_vithout having to create and run multiple simulations.

[0019]  Output errors are computed differentially using equation (35). Using equation
(5) directly, one can enter a scenario using nominal values for R, L and H to compute an Hr.
Subsequent to this, one can then take into account what would happen if any one (or all) of
the inputs (R, L and or H) had a certain amount of error associated with it by recalculating a
second Hy with the input offset error(s) applied. In the real world, R, L and H are not perfect
and will have some known errors associated with them. The difference in the results for Hr

from the case where the inputs having no error, and for the case where the inputs having

some certain amount of error, accurately predicts the target height error for a system using



[0019] Output errors are computed differentially using equation (5). Using
equation (5) directly, one can enter a scenario using nominal values for
R, L and H to compute an HT. Subsequent to this, one can then take into
account what would happen if any one 4ar all) of the inputs (R, L and or
H) had a certain amount of error associated with it by recalculating a

equieand)Hiondth Plﬂ&ﬂeﬁid%@ﬁa%ﬁﬁﬁr@)pmw@dﬂm itgdealweridyRobni and can
|

H are nat perfect and will have some_known errors associated with them.

alserhe ARFEHEASAM AARS(AEsoran TnRSARCHRY CHC¥ITM B th&THpERE HagiRgrount of
undRAAHQroR R Rk FE IKAER RIS thEJRRISE REVKI WO RS SeHAY) gIRAURKd accurate

of error, accurately predicts the target height error for a %ﬁstem usin

5-
estigation o @yRHESH RANE L _IEEALASE phfivaIaRy aﬁrfarﬁf?a% and simulate

othee YR QRIS RbAMflSa ISR bR dSEiHAtAHIRUE(AS Thedd ngissde Birm solution.
Erovide to an end user the amount of uncertainty of the target h

: eight
Oubut, fiy OBscfeARtiBl3)canomRYSH stiippediffsraptinessatina ( YrkGRon(5) and (7B)
bel§¥Fors without requiring a great deal of time and effort to create and
simulate other far more complex models on a computer which_don't have

8304 forhe stiritBwdeh sat Bevides o HIsHAd EBmiftiaB i the output noise
derilifierentinleouatio0s (@ Ride dendians oiBpabetonidie02alVing ticreate and run

. model also provides a method for determining the output noise densijty
SIgEfABh oddEa SIRARER S EEcTRINEa Py e WiriBh Wéf'\'fiﬁg%@ codpgl H) are
chagi¥eeH#Rd SiroulaiopSobRbiSHRPEHRE o WeworIbiatiamotRowthewanuts (5). The

(L, R.and H) are characterized from a probabilistic point of view, a#’)n
chagtictizalion of SRARES YaHles IR SYSIRIG S ETER inb BESPRHEE BRing a system

anaPyStandifigysieeed Ramen RRINMEGASEREN graisiswedltfatristics of L, R
need to know the particular system's probabijlistic characteristics of L, R

and L whighremibiierihe el (S <aRus i the RPER HBIGMERRRS Hitbeguation (5)),

alofiv R dadien { 2hmBeatbwih p1eba6ila conaniarion ob Rieldxhtiteaidnt output noise
. calculus to yield the resultant output noiie (densit)g]fharac eristics.

(depityd sharaclsHAts (s FecahoSaUPHIT Q) i F Qi fch R SHERG. SpghypRlculations

are RadBNaRE PaPape0021] To do an analysis, one would set all the input
varlancesafpopfi L, H and R).to zero and use the input mean vallz&sﬁ&{ and R) to zero

e akpiffiarapeieiie capRmd et atha demvy VBFrEBSES
andCaleUhs Wjihteaeation®s RearuRleup wingan, Wi egwtdstesistiCRllen using

sha}Fi)e (noise density) is then derived. The difference from the mean

Probflity SPA PARYACTIR BAMAHEN el thie AN VAHBWCBYfidls YeE TS Setgd statistical
shapdl{iResth@-auperte then @i wifseTreram dibac o Bipm! dariapaedutut of Hy and the Hr

outpt whon the 1apat VaLAnch wab Cet 1o Bero, Wil bE (he ExpeLied ot ottt error. The
output variance and statistical shape (noise density) derived using probability and equation
(5) is the rest of the desired statistical noise output characteristic.

[0022]  Since the differential errors of the flat model are very similar to the differential
errors of the spherical solution, the flat model solution can be used as a tool to perform such
error estimates with very good results over very long ranges as well. The flat model also
provides a means for understanding the basic relationship of how inputs affect the output, and
serves as the basis for developing a very fast converging spherical height finding model.

[0023]  Differential error is one of the most important parameters used to study the
behavior of any system and its performance. It reflects how much the output can change if
- any of the inputs had a small error (change) associated with it. In real life, nothing is exact

and accuracy is key to performance. It is important to know how much Hr changes for a



(5) is the rest of the desired statistical noise output characteristic. [0022]

Since the differential errors of the flat model are very similar to the

differential errors of the spherical solution, the flat model solution can be

used as a toal to perform such error egtimates with very good results over

very long ranges as well. The flat model also provides a means for
knowitRisiasgineihe:ea Tad ELGBECIbORRRW MoRHRIIRTAMRE QU PG AB6all error is

serves as the basis for developing a very fast converging spherical height
callgd s Hstraiiabesey Crn T At B e w&gﬁ%ﬁtﬁﬁmw parameter

to mmwamﬁﬁ@gg@aﬂd&@ﬁg@ehavior of any system and its
' p%rformance. It reflects how much the qutput can change if any of the
[

WtéIhadkhe HeiPest (ERafRRAIABSOIABBMRI T MTSPHE HRRRTRg ation and
assEABRNIPEIRC oAt 1By kSl e RAIIMBNEE - i e Paragibie kBake igherical model

much Hr changes fora _6_ known input error change. The difference .

SN B B IAoRT HBY Sl RIS IR e B DL AR CffterdAking @ partial
deriHDid BN StitRedERIEE anthatibe: Qutpikapchiam PRV Rarameter

to understand and to maintain_accuracy. [0024] The flat model (i.e.

equation (5)) ws ed&l d akturBfe pr«Ean Sign and aﬁgg?sment of

the sensitivity ofthe] agp erical model

to theymputs (verlmipse to the sp
solution) on paper, without having to create and run multiple simulations.
and nakwiziggbyl desivitirethé fllowingespect to the input variables results
in the following: au~,Tra z 1 2H LAHR 8f7. 2H]ER (6A) ard normalizing by
Q!

R-8f7:[
HT results in th&4all mq%_%a R %}LH sHAfL 2219)] (65) [0026Hh)
These differentid equatibhs &itow ond 8 dain ihélght &' e sensitivity of

%’E{% its inguts on both a direct and a percent basis. The sensitivity . .
o) for 1egp SHderenipl AU AP LR QP BAII R R AP e Spasiivity of Hr to
its ifgheveninsgspasibie Didarpbreeftdsi{4Hte) seasid dty (AéthbshRSENSItitity R, which

factor is a factor which relates a change of an input to the amount of
mayc%%ﬁ%%ﬁé&Bé)fﬂmf‘d{#ﬂ%‘?gf)ﬁo@ﬁéﬁ Wﬁmﬁg&'les@ﬁf‘inputs (which is

useful for analysis and gsses _nﬁ.250026] Sgnsitivity factors as a

percent of HT in respecﬁﬁ orgqé‘r:iﬁgas f@ll@vgﬁ 10@PL -100 100*2R

The sensitivity factor is a factor which relates a change of an input to the amount of change
the output would have for a given nominal set of inputs (which is useful for analysis and
assessment).
[0026]  Sensitivity factors as a percent of Hr in respective order are as follows:
(];(1)205;125) ’ —;}O . and 100*2KR (7B)

(L ~R*)
[0027]  These factors depict one aspect of the power and worth of having an exact

closed form solution. Note that by inspection, Hr is more sensitive to L errors than R emrors
by the factor of L/R. Hris also very sensitive for cases of low aircraft altitude (smail H). On
a percent basis, when L is very close to R (for example, for a low target altitude) the output
€ITOr as a percent increases.

[0028] The position of the ground bounce inflection point, which is the segment a
length, can also be calculated. Using equation (3), the segment b length needs to be
eliminated from the left hand side. Using symmetry, b can be expressed as follows:

H,
b= a(?) ()



(L2-R2), H , and (L2-R2) (7B) [0027] These factors depict one aspect of
the power and worth of having an exact closed form solution. Note that by
inspection, HT is more sensitive to L errors than R errors by the factor of
LIR. HT is also very sensitive for casesof low aircraft altitude (small H).
On a percent basis, when L is very close to R (for example, for a low

SubR i@l HHIS M N RUIBH (34 Sl Amarseptdagsqases. [0028] The
position of the ground bounce inflection_point, which is the segment a
length, can also be caIcuIateQ].RJerQgpquaﬁbn (3), the segment b length
needs to be eliminated fldmTthe fe Side. Usir@symmetry, b can be
expressed as follows: b = al HT (8 ituting this into equation (3) and
solving for a leads to: a R2-(HT- C)Z %EE 11+ H J [0029] The flat model
hesppeany ae¥amiagRRe @A&b%eﬁ RAAMARE MY RASAL B And BN be used
a

cases where range versus tolerable error is within acceptable limits. For

dirgsthnipteasis YHpGaERe (e yrdelesitds sHrsd oW itEs arrepialipdisaicy Huagxample,
if m&%&%ﬂ@d&%b% 85 AISOMG30CHARKphabRRERERITIER: YRSV (5) has an
use

ul in itself. Absolute accuracy degrades with increasing range.

fo
S PANGARSE A BPh o] GHH5e b GRS IS e Bl A1) ARSI ARTARY degrades

witwim%mg%ﬁg@ rS16% 8 GuaSIP R 2Pl G DPEAVRLL i/ BlEfion (5) directly with
n

significantly more accuracy for even much larger ranges, and it can serve

and, FihouL ANMYOPTEPES O SAYTHETE S S0 DN SaEPofS)avislds remeizamly more
acc(ﬁ&&&tfomﬁ‘eﬁf@&'mﬂﬁ%%iéﬁ efichl sl 1R030] Agarend frehodimenbut offset

of the invention uses the sr% erical model. FIG, 2 is a diagram of a

errQIsRafcREs VR BpisfinE g Grbk bt ARt aptoasmbediraldnadsbeated

afoeunt 40y ActaigrbaaiaeandialR seeqithailgaitie IggrlschpriRaNt 43G. 2 is a
. The method seeks to_determine the height HTR of the target above a

diagg¥p, G 2 SHEER £ATy BelahLBTGIRE ARG 0o RGHfeh fUpralishl sdocated at
poifiisiaNeetfrang Vnikha daobetLLdenRointAd: 15 RANREUEHoIPREMBRIAIIACG seeks to

of the invention, this distance could be determined using a radar in_the

detepming; e, eipht i 8Tats Seresh oSt theRhstirak sWefipdtn sigpripr 46 has a
mapfliiche AW hR IRl BIHE SigRATRM BT fRIASIoMePES #8iAUL50m a practical

have lengths Lr and L2. Point 52 is the ground bounce inflection point of

impkERRABAtA SR EV foben hisdiveneidionde b drsrmiRgdnsipa eridar in the first
aircBRCrEalE aEanking RpieseniangpatH NS SRNGSIGR| SLRACK B Bay be a radar
retu%zqoz?igga?%rlil)?r?%g fgxcgt).n (Qggo?sngfit a%cli; '5% lzlacxl!griggtgs Ly and L,. Point 52 is the
ground bounce inflection point of the multipath signal.

[0031]  H is the height of the first aircraft above the spherical surface. Line 54 isa
tangent (o the spherical surface at the ground bounce inflection point and the FIG. 2 depiction
is oriented such that line 54 is also horizontal for ease of discussion. Hp is the height of the
first aircraft above and perpendicular to line 54, Hris the height of the target above and
perpendigzular to line 54. The horizontal component of vector 48 is a. The horizontal
component of vector 50 is &. Re is the radius of the sphere, which in this example is the
radius of the earth.

[0632] The development of the spherical solution utilizes the flat solution to relate Hy
as a function of Hp. Relations between Hp and H, and Hr and HTR are also developed. First
consider the relationship between Hy and HTR. A right triangle 60 can be formed such that
the hypotenuse is a segment 62 (Re + HTR) which extends from the origin 64 to the target. A
line segment of length b forms a first leg 66. The distance (Re + Hr) starting from the origin



is oriented such that line 54 is also horizontal for ease of discussion. Hp is
the height of the first aircraft above and perpendicular to line 54. HT is the
height of the target above and perpendicular to line 54. The horizontal
component of vector 48 is a. The horizgntal component of vector 50 is b.
Re is the radius of the sphere, which inthis example is the radius of the

earth. [0032] Th velopment aof the spherical solution utilizes the f
and o AL AR R ARRAN T TR B BT E BRI HOKER Pl B2 forms the
secantllefr Ghd T Rigthsadd thdey Egpent: hirstedatedidefdibewslationship

between HT and HTR. A right tyiangle 60 _can,be formed such that the
hypotenuse is a s@j"rﬁ@n%f (Reﬁ( Hhich extends frEPthe origin 64
th lj niof L f fi i
B R gond lso
is ptopémdibdl{atdhimgidlirmid dfiits BaidinbThfgeniddiighbt. sAsalichiisgra8n Treflat model,
lengths of these legs are then related as follows: (Re+ HT )2 +b2 = (Re+
and IfrbiR) SR Where s RE =~ ReghusofcigFraiivekir = Shortest distance from
target to the line 54 (&hd also is perpendicular to line 54), and HTR
Radial Target Height. As di ' el, and from symmetry,
b =aHr. Solving for HTR gives: P HTR=: ngTEe+HT)2+a2I HT] (11) L

P [0033] To cdfhpute Be tapReradle febd op can be u$t® This
feedback loop can be implemented as follews. First Hr is estimated using

oo st sotwticnineauation Rtk 20:intiakaensitanf Hed Hianeal®ack loop

using the corresponding variables in FIG. 2). Next an estimate of )
can gggmetaeersed adéolisme: chisskibln (o pstimpwd sunmberiatsplatigsrinigguation (5)
withVaHiahigs) deRigiash IotG 2l ThRD I taesenesiespigineHRBibles in FIG. 2).

computed based on H and a (in a manner similar to the relating of HTRto
Nextian spusrimafreramenhais RafsWHge eaeatiom) @) Gpd diseusing thoporresponding
varifBR34d e e a6 PaGK 290PrMRdg b hifeld %ﬁﬁ&,ﬁtﬁedpmﬁ%aé%ﬁ?uteq based on H

computes a and Hr, is illustrated in FIG. 3. In the model of FIG. 3, switch

and g GoaRraRmAINBESInERaalaE i T d donkm 1 Rbving it anrigilowing:
caimated as shown (AL 73 By 0 St of eikiion (6) 0 FIG.

P00ZQN repladingtddiyidtip) mdex!, Whidh estiveakdal sbeavilde &aghts a and Hr,
is IS S M9 In the model of FIG. 3, switch § would initially be switched to input
parameter H as an initial condition as iflustrated by block 76. Hr is estimated as shown in
- block 70. Then a is estimated as shown in block 72 by the application of equation (9) to FIG.
2 (upon replacing H by Hp). Next, Hp is estimated as shown in block 74 by using equation
(12) solved for Hp. The position of switch S would then be changed so that the estimated Hp
is used as an input to blocks 70 and 72 for iterations of 2 or more. The calculation in blocks
70, 72 and 74 can be repeated until an acceptable estimate for Hp is obtained (i.e an
acceptably small change in Hp occurs from one iteration to the next). A single calculation
after iterating the loop, using equation (11), results in the final target height, HTR.

[0035] The spherical solution is an iterative approach, which was derived by an
extension of the flat solution. Because it uses feedback, it converges very rapidly (e.g. 2
iterations for a 0.1 nautical mile result error and 5 iterations for a 0.001 nautical mile result
error). Because so few iterations are required, the spherical earth calculation may also be

computed with pen and paper with a little effort. The spherical calculations derived here can



(12) solved for Hp. The position of switch S would then be changed so

that the estimated HP is used as an input to blocks 70 and 72 for

iterations of 2 or more. The calculation in blocks 70, 72 and 74 can be
repeated until an acceptable estimate_fgr. HP is obtained (i.e an

acceptably small change in HP occurs from one iteration to the next). A :

alssibglecdeid ulptiqncrifesrPeaing, e 1089 ik SiNeoaioprbb il QRIS rmi
the fingl target h gmtht HTR. [0835] The sipherical solution IS an %ﬁ%’?&ghm‘n@ the
posbtb%}gfgﬁ? %ﬂ@f\kﬁ@ﬂ%?ﬂ%%@”&?‘%&wnsion of the flat solution.

Hooagke ithiss inadbackalGPRYEEIBENERY raRidbils Had HIRPHARS T8 account

0.1 nautical mile result error and 5 iterations for a 0.001 nautical mile

cithesft RBH). WHESHER SEORRRiteF MY ris apéiset ot dhic thardpredival isattte spherical
caleidRtigaroa SRR EOMRUIRG Wt RER AN RABE! %bi&e@%%x%@@ot address

The spherical calculations derived here can -9- also be coded up qu
atmgwgu ;

EHSIRPIBRE T A AR RS Tb RN steifase wsing Haewaeteplotiaiens of
o0 gTPUNCEBaAraliaciRNLROINEXIRRRH FotRERARE At WRAIRAST Crror accuracy

; tEending correction has been taken into account either as a post
Q

Brit RN E Lt 9f Hie srbeticrlurelatian. rahasenulie asprdapieted in Table 1.
TheS@EHGHO R R RRIIAHN AT Plat THE AL TMVANBRS, 200 SOlLIONTPLAVAES: the target

do not address atmospheric bending, but a user can correct tor this

. her >
heighidue (QiHPRheRRHSte ARSI GRRILINGOTIS el Mgy clase fiaveabeb the saharied model.
In TYDROI BaLHISi HISIENRE CIIAGHACHOL R fal aRittign to that of the

spherical solution. The results are depicted in Table 1. These results

demonstrate b3 ihetibierapind Baarieonsarison Gt ae Sphetcalthe

target height due to inpUt errors. {Hjg.fgSulting errors are very closeto
RAatsof the sphegal mde ][ ' T bQigECs TPt
wﬁ%ﬁe the error{\;h\(/;gs in juclngi{it%%%Ie 1. D%Hg%igl EErr(g §§ &garaifor?i (?"-tlg'{r o
vs. Sphefical) Case 1 Range Height Bowéﬁpherical Spherical at Error
brgfance| Targey Error —leigh%fSO“I‘?Bjisl".%.l FAOINA 'N 249 99"?\&%
2493532 P215 OA9 0.5 250, 3004 25T 13 3605 O 50 p49-9555
$33-0059 053 Pgad CRSE 2557 131.0156 0.5 05
250 1 2499958 131.0059 051 0.53
Case 2
Range Height Bounce Spherical Spherical Flat Error
Distance Target Ermror
Height
0.5 : 0.5 1.25 0.65625 N/A N/A
0.55 0.5 1.25 0.630127 0.026 0.025
0.5 0.55 1.25 0.59644 0.06 0.066
0.5 0.5 1.3125 0.73633 0.08 0.078

[0038]  Noise is also a source of error and because the flat model closely matches the
spherical situation in terms of differential error, output noise density as a function of input
noise densities can be computed/estimated on paper with use of the flat solution in equation
).

[0039] As a simple example, if the ground bounce distance estimate were the
dominant input noise source and it was uniformly distributed, the noise density of the target
height output would be close to a triangular shape due to the L? term in equation (5). Other
input noise densities or combinations-of input noise densities with mean and variance can be

applied and the output noise density can be closely estimated on paper. The noise-induced



Range Height Bounce Spherical Spherical Flat Error Distance Target
Error Height 0.5 0.5 1.25 0.65625 N/A N/A 0.55 0.5 1.25 0.630127 0.026
0.025 0.50.55 1.25 0.59644 0.06 0.066 0.50.51.3125 0.73633 0.08
0.078 [0038] Noise is also a source of gyror and because the flat model
closely matches the spherical situation in terms of differential error, output

errBOBE HENRIBASH] lﬁé%k%@s?éd%ﬁg%ﬁ}gmgﬁgeﬁwBﬁes dircc%llgnto ( gs‘l.uation (5)

_computed/estimated on paper olution’in equa
Wity o) oiseaBrnpmpsaRspikisitesdigio thel douputsdistipcenedtmizmsiieraean value
rest}e  dominant input noise source and it was uniformly distributed, the
noise density of the target height output would be close to a triangular
. sH¥}#0Hue Fsame the ebaveirdessointion.(5).sDthidd mputtrorppatensities tre invention
inations-ofk.l | ity th,m rlance can.be
B ke o s i At g 6P SR OE S SHSe  For the
motple theiBietieil eempliceseho stopsth dstepuiniag beliassessk drom apolyiogto a target,

inOEL - ) ' iQn ith_.no nojse and compatri
O A B A L it ot
is 1efisatethdnbocswdacyitidhe isahonl detommbeinppaheigithAt tichievention above the
Vi ind e height HT of a.target abquve a .

S B A e e R VR o impot o)
usingates @nmttPa: distance R from a source to a target, determining a

distance L representative of a distance traveled by a signal from the target

that is reflected by the surface tg fhe 17 etermining a height H of

the source above the surface, and detefhning the height HT of the target

0041810 trRyr s (HMSi AN LMY PA UG URE S PN es thél b R
4H [0041] For the spherical model, the method further’ comprises the

steps IR AFRETRIRSIA ARG RRENSIE therfpmwiormula

R —(H, - H,)? o
a= I , Wherein Hp is initially set equal to H;
+==
HP

(b) updating the parameter Hp using the formula

H,= J (Re+ H)* —a® —Re, wherein Re is the radius of a sphere;
(¢) repeating step (a) using the updated parameter Hp;
(d) repeating step (b); and
(e) determining a height of the target using the formula

2
HTR = —Re+ J(Re-}- H )+ az[%] :

P

[0042]  Steps (a) and (b) can be repeated until the parameter Hp is determined with a
desired accuracy. | |

[0043] FIG. 4 is a block diagram of an apparatus that can perform the method of thé
invention. A radar 80 can be mounted on an aircraft and a target 82 can be another aircraft,
- The distance R from the radar to the target can be determined using well-known technology.
The distance L = L;+L, is the distance traveled by a multipath signal, which can be a radar
signal reflected by the target toward the ground bounce point 84 on the earth 86, and



a=R2-(HT | HP )2 wherein HP is initially set equal to H; 1+ r HP (b)
updating the parameter Hp using the formula HP = V(Re+ H)-a2 -Re,
wherein Re is the radius of a sphere; (c) repeating step (a) using the
updated parameter HP; (d) repeating step (b); and (e) determining a
height of the target using the formula 2 HTR=-Re+ (Re+HT)2+a2[ ]
ubkiRud84aLpraps;( n be repeated, until the parameter HP is .
) dg‘érmiﬁed yvitﬁ% e%’?{%é%@?ﬁ% 3]%’6?3 %eﬁél(%&%%rfﬁf%fﬂmmﬂ can
determinsphieabeiciaticad pevfossorti metion ofalhies fvahtiqrardneearBOR and L and
BalcHyalel a_an-ai nd a target 82 can.be another aircraft
CO_ iihc_a dis,tf.:ln('z‘,{feE %dﬁ%%ﬂgdggéjée%%@?grsg%?ga %%‘88%?%%%% usQH%Vé' The target
heighgis kepsvdispleliedloggtharwiselibitinord as i elis thaldistabyeloakelpd
1 uItip@,m ignal, \whi n be a radar .signal reflected by the target,. .
_ ttghwar the grolgngéiI &%ggg%g%%% 8%?’3%%%1 I s -S%/‘ﬁeﬁ%e %ﬂﬂgnents, i
wilkbfiappradeny théhoarthkid e dr dluranrithat timieter S@inpthe dirdicainetaftcde described

' i A processor 90 regeijves values for the . ,
o N el B e BT YRR 8 ety ptlowine
claigdd equations described above. The target height is then displayed or

otherwise delivered as an output as shown by block 92. [0044] While the
invention has been described in terms of several embodiments, it will be
apparent to those skilled in the art that various changes can be made to
the described embodiments without departing from the scope of the
invention as set forth in the following claims. 12 What is claimed is: 1. A
method for determining the height HT of a target above a surface, the
method comprising the steps of:



(a) determining a distance R from a source to a target; (b) determining a
distance L representative of a distangg traveled by a signal from the
target that is reflected by the surface to the source; (c) determining a
WhahRighiHeafithe source above the surface; (d) determining the height HT
Of the target using the equation: __ (L2 -R 2) HT- T 4H (e) determining a
parameter a using the formula R2 -(HT -HP)2 a + HT HP wherein Hp is

1. initatyeteddcetinalste i pdatieigith el pefrartwetet Bipousiaguifedertne medrod

= (Re+ 22 -Be, wherein Re is the radius of a sphere: (g) repeating
com@%é@%e&éiﬁ%%%h%updated parameter Hp; (h) repeating step (f); (i)

determining a height of the target using the formula HTR=-Re+
(Réa-pjeraping a Fistpop RifeIBasnyicRife dHaraeight HTR. 2. The

method of claim 1, wherein the step of determining a distance R from a
SOUHQiR-AHBSLaRtBASE S apreametivietsrandning eerangsdtosp asadar from
att 'é’\%?oum%‘to the t@rgtet § g\esm ;@o%oghclain& r]ébvvherein the step of

det ﬁ{%ed A&LRLR ecjr Efr SRR 67 H'GigtaNge traveled by a signal
from the target that is reflected by the surface to the source comprises

the(sjefetafmising a ity dfd el acvetarabiovethigsiafacaletermine L+R,
and subtracting R.

(d) determining the height Hr of the target using the equation:

(I ~R*)

H. =
d 4H

(e) determining a parameter a using the formula

R —(H, - H,)*

1+&
HP

wherein Hpis initially set equal to H;

(f) updating the parameter Hp using the formula

H, =®e+ H) —a* -Re,
wherein Re is the radius of a sphere:
(@) repeating step (e) using the updated parameter He,
{h) repeating step (f);

M determining a height of the target using the formula

P

2
HTR = ~Re+ \}(RM H, )’ +a{—§l} ;

and



4. The method of claim 1, wherein the step of determining a distance L
representative of a distance traveled lpg a signal from the target that is
reflected by the surface to the source comprises the step of: using a

far for a signal to determine 2L, and dividing by 2. 5.
° ‘Ig%{nq tﬁ%@%@ggﬂ , wherein the step of determining a distance L

representative of a distance traveled by a signal from the target that is
2. refl@tiechbyhthieofisiace, wibeisatiecetepaitisemitratapieiaHss ™ it a

r ignals that determine both R and L+R and
sou&?b%a%é%%ié%ﬁ%&hg grf%gtégd of claim 1, wherein the step of

determining a height H of the source above the surface comprises the
deteffajipg aspngaiamimesdairhivaperacettodbteiardsd H. 7. The method of
claim 1, wherein steps (e) and (f) are repeated until the parameter Hp is

3. detemmainshwiiecinsiredmersiite Sephtf SaathampbdaiMdndyither
comprisin Phedste%of: estlgen%m errors %Jlue to changes in input

rePlS3RIIRIYE D! 8 S PREE ARYEE LB HERT: IS (PR IR Lhe

surfaktizuddhel sthove coreflestmthswtizcef. for emitting radiation; 14 a radar
receiver for detecting radiation reflected from a target located at an

usiﬁ@%b‘& 2hoye 108 FRUSCHRG,RY B GR: ﬁ%%gg?aﬁﬂifﬁév‘ffé’gfﬁﬁ”g

e targét altitude HT from the rélationship isa
path length of the radiation reflected from the target and the reflecting

4. surfhbe wethedpiieldim, amdeain hapige v artemines aadrtanssna and
reptBsctasges emddiefaei irivelptases SNy ndefiMiAE SRRAPAIRIPERHBN By fhe
surfi&: lorpdla 8 R '%btltge)szth]é Jét'e_|pr &P

using a delay of a radar return for a signal to determine 2L, and dividing by 2.

5. The method of claim 1, wherein the step of determining a distance L
representative of a distance traveled by a signal from the {arget that is reflected by the
surface to the source comprises the step of:

using the delay of radar returns for signals that determine both R and L+R and
subtracting the two.

8. The method of claim 1, wherein the step of determining a height H of the source
above the surface comprises the step of:

using an altimeter in an aircraft to determine H.

7. The method of claim 1, wherein steps (e) and (f) are repeated until the parameter
Hp is determined with a desired accuracy.

B. The method of claim 1, further comprising the step of:
estimating errors due to changes in input parameters.
Q. An apparatus, comprising:

a radar transmitter located at an altitude H above a reflecting surface, for emitting
radiation;



P

wherein Hp is initially set equal to H; updates the parameter HP using the
formula HP = (Re+ H) z - @' - Re, whggein Re is the radius of a sphere;
repeats the step of determining the parameter a using the updated

a raBAT eSOEIRS KR dseRenls e Sieprefishdatingiha i@ Reige R A 8itude H,
b deéﬁrmi%gst.a height of the, target using the formula z HTR =-Re+

3oV MG RIS S 8MULTIPATH HEIGHT FINDING METHOD
ABSTRACT OF THE DISCLOSURE A method for determining the height

a protEssioa frargaltalabng ths drfgetaliitedendttimohctha pelsiignship steps of
determining a distance R from a source to a target, determining a
distance L representative of a distance, traveled by a signal from the target
that is reflected by the surfac toéh(a[som@e,)determining a height H of
the source above the surface, @nd detegyppining the height Hr of the /target
using the equation: _\L2 - R2 ) Hr 4H Associated target height errors that
result from input errors can also be determined using the equation. Fig. 1

wherein L is a path length of the radiation refiected from the target and the reflec%ng

surface to the antenna, and R is a range between the radar antenna and the target; and

wherein the processor;

determines a parameter a using the formula

\/R2 “’(HT 'Hp)z
I+gf_
HP

wherein Hpis initially set equal to H;

updates the parameter H using the formula

H, =+(Re+ H)> —a* —Re,
wherein Re is the radius of a sphere;

repeats the step of determining the parameter a using the updated parameter Hp:
repeats the step of updating the parameter Hp; and

determines a height of the target using the formula

H 2
HTR = ~Re+ (Re+HT)2+a2[~H—T} :

P





