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I NVENTI ON [0001] This invention relates to nethods for

determ ning the height of an object, and nore

particularly to nethods for determ ning the height of

a target using a nmultipath signal. BACKGROUND OF THE

I NVENTI ON [ 00021 Radar can be used to determ ne the

range of a t MUEYIFAYH HEIGHY FREINGMETHODbDE

nounted on an aircraft. A narrow radar beam can be

scanned in azinmuth and/or elevation to determ ne the

azimuth and el evat i TRy Nar r ow beam

needed for good ré& SImme Jtry-dt st ances requires
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are not fixed wth respect to the c}lround, a target _
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a direct determ ' - target.
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an aircraft. SUMMARY OF THE | NVENTI ON [ 0004] The )
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to dt&[ﬁnﬁfne 3hd @ i W& afor YF dalaga?%et. hﬂg‘?&%’\g AP héeed for good

1e steps of determning a nce rom a source
resolutiom at lang distandest requikesi aigrge atliehanheadditiceyp sise airatftvadars are not

fineifh RoPERS dt BB Priatechelaion epEed g g icratt does not

providetaQfiréc ddhnindtioh 9P thethe@dnt b@e 3RPECE above the
surface, and determ ning the height HT of the target

9803y t Rleereduiatnesd: fof aomethpy foretarmniningoslk haighinaft héarget using
cl..khe Jdnventi.on further enconpasses the steps
"'Pararg%e&at(vgl)ﬁb&%?t@rnrﬁuﬁ{aﬁg a paranmeter a using the fornula a
= JRz - (HT T HRSURIMARNCOBITHEINVENTION al |y set
_ blﬁl to H 1+ 1 Hp ' (b) updating the paranmeter H
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to & target) gletghﬂinmg:k&dieﬂnmb aeprésentatipe 6dldistnce trhled BPL8ighildrom the
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target tha? 1s( rgﬂecteg q::y the surface to the source, determining a height H of the source

. above the surface, and determining the height Hr of the target using the equation:
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[0005] In another aspect, the invention further encompasses the steps of:

(a) determining a parameter a using the formuia

\/Rz“(Hr“Hp)z . e e aee
a= i , wherein Hp is initially set equal to H;
1+=L '
H,

(b) updating the parameter Hp using the formula

H, = J(Re—l- H)? —a® ~Re, wherein Re is the radius of a sphere;
(¢) recomputing Hr using the updated value of Hp as H;
- {d) repeating step (a) using the updated parameter Hp and Hy;,

(e) repeating step (b); and
(f) determining a height of the target using the formula



(f) determ ning a height of the target using the
formula -2 HTR = -Re+ (Re+ H. )2 + a2 HHT P [0006] The
i nvention al so enconpasses an apparatus conprising a
radar transmitter for emitting radiation and | ocated
at an altitude H above a ref-l2ecting surface, a radar
receiver for detecting the radiation reflected froma

target |ocated at an o the reflecting
surface, and Rr C fgr.cal guiiat|i ng t he target
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of an aircraft and target syStemthat illustrates the
met hod of the invention, [QOD8R*FIG 2 is a diagram
of another aircraft and“irarg €L r ystemthat illustrates

the nethod of the invention. 009] FIG 3 is a block

whedéindr iam path Bojhicg e tfadmdnm gaﬂebed&‘fom ¢hd @rpet ajdiba Gdflecting surface
apparatus t

to %L%F@?f?ﬁ' ol K nes pen T ?ﬁwmlﬁﬂﬂfi%ﬁgg L is also the
pathqé%ﬁ'o? T Pldfod Hgniﬂ&mg% &%ﬁﬂt&rﬂ?'tﬁe T fiface and to the

relates to nethods and appar at us i ndi ng the
targe¢tei ght of a target using nultipath information. In

one enbodi men ent | a.f type
- nodel is usedﬁd—g}i@gggg%@ﬂ%dl céﬂgﬁ&r .{;rl cal
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of the flat earth height finding nodel shown in:
of thejigyention) n FIG 1, a first ai rcraft |s Iocat ed at

WO%&C;%I%A%EIQDOI éﬁrarﬁgdtc%?&l I r S al r Cr a?etg ?étérﬁgt@%tlgasuates the

meiladd of theinglidtidd. above a flat surface 14. The net hod

fezgf to _deternine the height HT of the target above
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inventiment i on, this distance coul d be determ ned
, 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 aircraft 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 Hr 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




using a radar in the first aircraft. Angle B is the
angl e between the vector 16 and the flat surface 14.
Vectors 1S and 20 represent the path of a nultipath
signal, which may be a radar return signal fromthe
target. Vectors 18 and 20 had- | engths LI and L2.
Point 22 is the point -3 at which the flat surface
at wleith €ies fad fueface kaflobtsStheR@tum Sidha. PRI poing i Rff@FeE® 4Othe ground
as the ground bounce inflection point of the
bouge inflgetion RaiRiefthe mpltipath signel.c| osed form sol ution for

t ar ' j ' f 0l .. The
B30 S 2B, AGAeH oy ol s F ReB el M i 50559 gfollows. The
disthive ttavelell byrtheirtoa cumar alseRglldd the tétal @ohhdBstnRs lenkth14s defined
+ L2 (1) As shown in FIG 1, the relevant paraneters
8- are as follows: R; Range distance fromthe first

aircraft to the target, LI = D stance fromthe.first
aircraft to the ground bouhc(:"_é?lr%flgecti on poin )1z

' As Ho¥naRTRGT 1,9 {S ah@Rfhert:? ald'R fAligWAd bounce

inflection point, a = Horizontal conponent of the

di H akeegd distmedfrohithsfirsahiraafatd thecargéte gr ound bounce
=- Horizontal conponent of the

inflection point, b =- | f :
di 4o eﬁw‘ﬁlétﬂp%ﬁ? e figt giseraft ¢o thegrepnd heynesoinfleetion point,

i nfyl j ' = Th | e . bet th
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Apex of an auxiliary triangle. [0014] A right triahgle

inflegifon Boigbf i ned by the first aircraft altitude H vector
18, a the, .segnent a.. The triangle 24 is mrrored
ab8 u?rﬁ © Eaér?é’ﬁ}POEefﬁx‘?fsJ@dl‘ﬁa’t“}?a?mgh %u%%‘?%@ytge ground bounce
"'inﬂebﬁb@whg 28 is formed below the horizontal surface
line 14. Point z is defined as the apex of triangle
28 6 Blhetangkybatweery thet tangal irsjeatoce (ditetion eonh alieg fitst taircraft to the
oint.z.is L., The horjzontal . conponent of the
targel) 2 fh borzan{ %F“‘fa‘ieol“&’r?@dt arget is a + b and the

veLLi e distance frompoint z to
_ thé 't‘ggée({fgﬁggﬁﬁg}yﬁ%%lgm these paraneters, the total
[Oﬁﬁg%c h A right tﬂimgiegze?isrdt:)é)ﬁha?bﬁ meSﬂirg?.ﬁ§crmhiﬁm,0\Feﬁﬁrtlﬁ, and the
. __the fol] ow.ng; =(atb) 2+(H+H )2 (2) By using sone .
segmept go nJEL@W%P%&q ?ig\}éﬂ%lﬁfpgedf #houp the pegreeit ¢ PHs soel) thayqn auxiliary
trian@ 2808 Y8Rl G thed % ine 14. Point 7 i
.ang{@Rc 0s0} 2=R2{ 1- siﬂ%ZEB?F= tai IS—Hr-fﬁeémellr?s el:r'?lfl%%lst??gm?%gsuwte apex. of
trianglq 2%t | Bhe (Byymmety.cthe alistmue (B)m Iteatisget vo point z is L. The horizontal

- “component of the distance from point z to the target is a + & 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 signai path conforms to the following:
L’ =(a+b)* +(H + H,)* 2
By using some trigonometry equivalents for a + b, equation (2) can be converted to:
"(a+b)* ={Rcos ) =R*(1-sin*@) = R* - (H, - H)? 3)
Inserting the result equation (3) into equation (2) leads to:
L=R*-(H,-H*+H+H,)* @

~Solving for equation (4) for Hr leads to the closed form solution of:

(L' -R*)

H. =
T 4H

®



L2 =R - (Wr _HH2 + (H+ H )2 (4) Solving for
equation (4) for HT leads to the closed form solution
of. H(L2 -R2) (5) r 4H (3) -4 [0015] Di stances such
as Rand L and sonetines H are deternmi ned by tine
delay. A normal radar w || -deasure the tinme it takes
fora signal to return after it has been sent. Since

tlo 5]t OtDﬂsmﬂ@és%Mcﬁ hd'R ah@ P/ 08 RBStimes F54ra Ge@rhindd 8k Githe delay. A
of twice the range (R, the range can be found by

norimej tagar\mélfmcmret ¢ timedetakss ﬁor preigng) otratvsealigrdt haSrhee&ﬁ@lt Since
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fouﬁdeﬁ igthyy 1906f thb eothiledly tifd. aPistdnd® and H}hetdf@dﬁé&ﬁcfemfed by the speed
light yrelds twice the range. This aspect is

the gignal travelad which i& ¥eryistosg é@t!letSdej%ftlwhfd Mduktiplying Higdotal delay time
o 8B S SR s S b wsa o

detetdnmeth@emgammqﬁaﬁon(sw second return signal (after
the r adar e main signal) is produced by a_ si.gnal

||ng>rah stAnGero tharh &1l he addi ﬁentlwwhw&ws hipfialonger delays
N R

by adignzhtravetingdemth frem thé radaf ortht taeget) tgmbadkaidmm&he givand bounce
a third

infG5 6 Pa g Dar iR S GFHFE oA ai5STra 8 dhffiof afhich inoludes the
ttméjﬁjlr We &Bfa1 5 1PvEEEH Rl R PIRIHE rll) AL SirhidHiyh HifY overlappmg

down to the ground bounhce inflection point, then up t
retutnheccuisy whichaaleh bisrtbe tshpe slabaly and is leresuladbia. patkg fiom thigi tsansmltter
del re nts R4+ L. The cond. and third ur
-dowyd Yo w"BRANGNEE: Risrmapria. TR0 HAgS solerict u Sl beck to the
radab] NAEAnT @isUBElaf iBHi8sdnReR PVES | BRe KR & Uifd &dtGms may not be
also R fromthe radar output, a sinple subtraction

distingujshable amdl mas loeknlikhone sipgle Tourmsinge theyl ovegjam| Knowing L+R and
aso SRRy LR MDA A6 £L 0, (e

ounc on point hLe target.

[mnrn t he\ feurgebignilheush geplesdned larlmth ek thel QMnrttmrishﬁter to the
ground bounce inflection paint and back to the rada
groupy éweqeayﬂ%wnmr% agd Gearto thedpget Fomrthe E?é%f’ds ¢ siggal returns back

dowﬂ h@@ge{&i Rel g uﬂﬁ’&ﬂﬁﬂ. g@ﬁ'ﬁ? bAl® Badl &Vﬂlg'r 'Tﬁb Q@fay'fﬁf s signal

varires in relationt I nput
retupaoanstondsto 4 distahdeadt XMhdel (i . e. equatlon (5) aI one)

TR e R AR -
i, 0] PSEEOET A AN o P Sy o
errons dhgs e slerydilédedp dhatiof Ithey spisiing selptioni and fo6Yyery Usigtanges on paper
Withgl%lilafl%n%QO create and run muitiple simulations.

[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 Hr.
Subsequcnt 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 Hr 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




(5) directly, one can enter a scenario using nom nal

values for RL L and Hto conpute an Hr. Subsequent to

this, one can then take into account what woul d happen

if any one (or all) of the inputs (R L and or H) had

a certain amount of error asgaciated with it by

recal culating a second HT with the |nput of f set
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for, HT rom -t case ere the jopyts havi.ng
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_ ht erro a“systemusing -5 equation
othal fanmord?n:enhptdxl mgdelma::h ecompwer whizhrdonduhave g closed form solution.
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beldhe anmount of uncertal nty of . the target height
result). Equation (5) allows for sinple, quick and
40@20 at Theefati nmﬂclonlsofprevidw ¢ methhd ufor r@@pmninimg the output noise
eat deal of time and fort to create an
denflsr Bincf iy b ot B s draities st B viHRF by K6 bféate and run

siméi@fiords, hawes @e{s;ér@ﬁeéh fige Rof@inatibRrof héWt et if®afsO(lS Rashd H) are
al so be conputed using differential equations (6A),

charpgipized( from amroba@stwbmmwf [ 0alome avith awe pf crauations ¢5).  The
ool 5 o R R PR} Wi o b e ping s

analpgip elould filondedakinod the p@mealhﬁs;&tmh § piobabilisit ahmadftsmsucs of L, R
Thi s .depends on_t he conpi nati on of how the inputs

~and rH - aticiHrorldether: Ry used & inpat te thmheighs fting P¥°§F‘~isc(vf§’o‘?‘}‘1‘@“°“ 4N

alonBiwitl &Wordlc BﬂﬁnYHthP of! Eﬁ)b%lhﬁqéﬁﬁtda%hfsﬁ% Iyle-m the resultant  output noise

haracterization o ts varies om system t
(densgtﬁ)t enaracteristcs oBemsé equutiog (8) Bystlesed forad Wumonmud:kdcaiculanons
first need to know the particular systenm s
are ale\10-514oNE PR P2BHar act eristics of L, R ..and H  which

Youzhyl teniche éa‘%]églsaéne' w&u%etta@; th ﬁlphev%céé @@I NG and R) to zero

process (via tion , along wth use o
and giserithenimpitomeah valuh atbudalouyat@nm initihl Hrusutgoequaabm (5heThen using
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shape Zhéisd ddosieysis Méh ddpived! Thb diftiRéiRe Fronk @Rethear Sfpdtof - and the Hy
do an analysis, one would set all the input variances

. outppiyWhen thejiepyy vRyiancs wasrsst toeso, el herthe priprgtedrsiput\phiseicagror. The

ouphy b i SRced shirh blbe 348 BRHRU Bl BloopBteY pp cquation

(5) iathie west oDthe RAstirdPatistica Mo Qatpwn dhs&inﬂémm‘cl cal shape
{nm se density) is then derived. The difference frq

0922}e aBinse, fgrentipd casons effbe Flat madal gir verm simifas o the differential
ertots % e Q{)ﬂ{ﬂ:‘l@ﬂ ©61u¥135, hE ?ﬁ{ ﬁloﬁ@lr s%lt}thhlclan RE usOif a£X RRF 18 Perform such

set error vari ance and
errosémmaﬁdsmdh vehageod m@ul&eom@ry j@ngdangeseai; well.nFhe flat model also

py obabi | i d equation (5) st of
provifss @ﬂl@an%%oaw ?HS@aﬁmgéhes%aswﬂ?HPn%P e iISS %fect 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 Hy changes for a



[0022] Since the differential errors of the flat nodel
are very simlar to the differential errors of the
spherical solution, the flat nodel solution can be
used as a tool to performsuch error estimates with
very good .results over very_gong ranges as well. The
flat nodel also provides a neans for understandi ng

; ' t i-gnshi ' . f . :
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Differential error is one of the nost inportant

to “W%ﬁ@t@ﬁléo AP gCQEYYy t he behavi or of any system
4] | 2 TRE ML BRSPS b (IO U agoPy iy fikimation and

assefstiemn Q& theaseasitivisy of twi biitput to the inmad (dery elosadd ithengphiesical model
exact and accuracy is key to perfor [
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error (both atftpe]induye apdfat fhe putput) and is an
i mpor t ant tﬁéraﬁgékl-tpﬁowﬂe @fab?fﬂi to mailddhin
accuracy. [002 e fl a el el equation (5))

al | ows. easy_and.accyr approxi mati on and assessnent

and%?mtaﬁ%mggﬁﬁf}trﬁﬂltts)}nﬂ}e%ﬁ%mggt put to the inputs (very
close to tthspTrigel deEl ol ufi oy orf paper,
o
I

wi t hout hav+ag = Ag— mul at i onéB)
Taking a pars al [ (LderRVdt i v HTLW ttRelspect to the

t variables results in the following: L - & T. =
(B8 | Bhsk riferanmtal Fptodiant Siavgons o6t BEET 1S theserRigvity of Hrto

ts gl B0 SN o R e AP SPRILISTbo® foREL HHnd K. which
may e cgaputed asd githpdred, tahweassfollews inviespectife éfflet:o its
inputs on both a direct and, a percent basis. The
sensitivity factork fotL' SRR B vhisgh may be
conput ed and conpaped, arg?as tolpgws 1 h respective
order: Lz z ) , and 2H (7A) 2H (4HR 2 The
The seosifivity faatgr is adeeier which meléascr chinee Al pmpkto the amaygeof change

' t.he . of t | .
e Y B BB DR P s
assesgmefith)! for anal ysis and
[0026]  Sensitivity factors as a percent of Hr in respective order are as follows:
' 100*2L -100 d 100*2R

7

(I}!-R» H o (I -RY

(7B)

[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 errors
by the factor of L/R. Hryis also very sensitive for cases of low aircraft altitude (small H). On
a percent basis, when L is very close to R (for example, for a low target altitude) the output
error as a percent increases.
| [0028]  The position of the ground bounce inflection point, which is the segment
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: |

b= a(%) : )




assessnent). [0026] Sensitivity factors as a percent
of HT in respective order are as follows: 100 * 2L
-100 , and 100 * 2R (7B~ (L2 -R2) H (L2 -R2) [0027]
These factors depict one aspect of the power and worth
of having an exact closed fgrmsolution. Note that by
inspection HT is nore sensitive to L errors than R

| so very

eLrors the f L/IR

sutfifBhg ity ARphSELT ape helimma i eefs & T e (s
H. On a percent basifS; W s very close to R
(for exanple, for g. %titud@ t he out put
error as a percent incriqse‘.{ g[0028] Thée position of

t he ground bounce infl eqt oint, which is the
segnent a length, can also cal cul ated. Using

QoY) OMTHelat rhdtR] RAOMERY advanfiges fh AifRMSe fadah@nd may also be used

elimnated fromthe left hand side. Using symetry, b
diregtly, foscages p'fl@gg@ggggersw tolswable gyrer ig within @yeptable limifs. For example,
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abssloiedccirasy ohhbud Vviamilag eshitinisabsehid i ¢s¢1fd Absolarccomycy degrades
al so be used _directly for cases where range vers s) . .
with g gngey Sloweyer it heiffcgntialerags hasis (iRgequatipn () directly with
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and YRR o' Rk B SRl (O o CPD ot [ FEld8 igniimtly more
accurbgyofion teenanudlr latger ofnged) and 1t(&a15 safr'Nb esz usdfnleholi te estimmétalinput offset
in itself, Abso]ute acc des ncr.easin
errof i TOR AR A0 Y L e g B Bhccel Pgdtng
‘tm'] i ony éé)m@ bﬁ)%@&llrr)én%f the ARG t%h tl.lBélit‘he 'sﬁlﬂ%ﬂcaﬁﬁ%@éls FIG. 2 is a

or uati ons d (7)) equation (5)
h 'dxagarg fausphmqayemh leexgtad‘u@:rageomtryedarﬁﬁu aha lfrastglencraft is located at

g d I.t, can serve
poirfe A0 ECarePl ity G el S LirBpt Rfgted fpoirk g Ak Hfod seeks to
deteb@Eid! the Hei'Qﬁ BIR of dik ltévgett SbveSPRphdrival strbslel 44.[ OW3r 46 has a
A second enbodi nent of the invention uses the

maggiuds Rowhichwepsesents| U distange frangs)) fepranoist 441 gw@\‘: #12.oIn a practical
lmp%%eéggpr? 'o%{ 1fn'vgl'?lo§gg:?se81gﬁh&%/ C%ﬁ@ bEl ter 2 &cﬁ u\%j%l.gsahradar in the first -

airciaf. avm@ma #nidr 47 gpteséift tho pathest Atnufiipath sididal, Whﬁh may be a radar
net hod seeks to deternine the height HIR of

retugn,gigeal frome dhe taragtn SYqotars 48 mnﬂa“&eh@'& lengths &a aaé lnasPoant 52 is the,
o YAl M of BESATERIA sl 5 e (200

[0031] H is the height of the first aircraft above the spherical surface. Line 54 is a
- tangent to 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
pe_rpendit\:ular to line 54. The horizontal component of vector 48 is a. The horizontal
component of vector 50 is b. Re is the radius of the sphere, which in this example is the.
radius of the earth.

[0032] The development of the spherical solution utilizes the flat solution to relate Hr
as a function of Hp. Relations between Hp and H, and Hr and HIR 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 + Hy) starting from the origin




i mpl ementation of the invention, this distance could
be determ ned using a radar in the first aircraft.
Vectors 48 and 50 represent the path of a nultipath
signal, which may be a radar return signal fromthe
target. Vectors 48 and 50 hage | engths L1 and I. L.
Point 52 is the ground bounCé inflection point of the
mul tipath signal. [0031] His the height of the first
and gxiepdingp erpeadicgla ity dinp 541(at thecgrownd kounge ipoing 52) forms the

f db
scochRECE. IR TRt OT e ks oy e 5ol ot PO, 0 Yt el
such that |iqrepf h5+aPsqprarazRital for egepy of

di scussion. Hp is the hei ght of the first aircraft
WheaboRe =cRatlimeo iR Bhehl 12F = Shottesd disbahce Hbni tardeh & RIIHIRIS4 (and also
of the tar get above and perpendicular to Iine 54. The
is pempanidiaardd iseopoarshlTB= Rta;haldl’a:g@ Hedght., A¥ldischssed nothedflat model,
conmponent of VE}_T‘L 50 is b. "Re is the radius of the
h I radi us of the
andggirif&rﬁ i 3%1 J"r g&éﬁﬁggﬂgkﬁe spheri cal
sol ution ut|I|zes the flat solution to relate HT as a -
function of Hp. Rel gtions betwe and H, and HT and
HTR are al gprdevetp g@e+ﬁ1 gﬁsx_a':rc&ﬂ%pder the (11)
relati onshi p betwee HT ahd Hpright trlangle 60

can be forned such that the hypotenuse is a segment
833 Re To Hﬂiﬁpuwlﬂ@ fan e'bcrzeivdsfeédbaqk idop w@nibgiused4 This fekdback loop

b .f fj
can bEfutiesneried ps Rilo Vo R Bt Finfs ST B51RS DI ot olipg i Sdtion (5
with aRdnRial essliidish $RAL 2AdaRE %E@ﬂﬁin%%é'boﬁr@spbhdlﬁ% %Qlﬁés in FIG. 2).

t he ground bounce point 52) forms secon
" NextEnecsHanatft ¢f§egmemtnez§ena®gmm equatiem (Q)dmai deio asng @llud @m:spondmg

varisb S Slikfed iR EIGL 2 S Bl Bibee BRUE. # M, g Gttt hased on 2

and d (i @ nihnéoeidilad t6 Ghe et loP BITHR oW A by kélvingTer ﬁln thFellowing:
HTR = Radi al Target Height. As discussed in the flat |

model , and f r ResyipRtay = (ReirH)’HT Sali ng for HFR
a2 hl r (11)

ives 2H'I'R—-Re+&i{ 2 +
?@@@3] The feethsck loogmo Whléh é@lﬂt@%ﬂf@e“&bﬁtﬂ@lﬂb@lmﬁé@s a and Hr,
is ilnggﬁégi\?\g Flf-ggr S%n tﬁﬁ.ﬂ%%f(oll 1P 3 g\gﬂchb § v.'rotqﬁe aﬂgr ﬁ%ECP%% to input

S estimated using
paraﬂlétcleHLtﬁtanmt{aE):ondimdrh afillusiated dly bieukdld. i Hp méstﬂdlihted & shown in

and_al so, using the corresponding variables in FIG
block230 Theaa is sitiradled E@W@ﬂn%}@gﬁfﬂ& by:the 3ppkisataon,ef cwanon (9) to FIG.

et
2 oA ) 90 SyBl P ESHVIRTS by ing ccunin
(12) sobwad| fos Hpa The podition of svimhs edulibthadbochanged 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



and a (in.a manner simlar to the relating of HTR to
HT) by solving for Hp in the followng: (Re+tHP)2 +a2 =
(RetH)2 (12) [0034] The feedback | oop nodel, which
relates Hto Hp and al so conputes a and HT, is
~illustrated in FIG 3. In the.nodel of FIG 3, switch
Swuld initially be swtched to input paraneter H as .
alsod® bdtielli®) q&eny dn ok luds 45 &t Ghind i
scfe;sti mat e"gJ %s S O\ﬁmdoﬁ;hﬁﬂﬁb O(L‘)élgé%g %hqneﬁﬁ%rb#lg es ?lr%{dzé%ﬁlms the
positien eftbevgraund bbunsle ifffeckipn phiat.appl i cati on of equati on .
o FlI 2. (upon repl.aging H by Hp).,K Next, IS
L6, Ity oo, Ao SfeE bepdins poNre iy i, oeh dakeny gy accoun
eithe¥OdsV & ok O borition RS Ik foffd |l i
chgngcebé) soothatot e estola’n%?glg 0Hp F’ﬁh'&"ssé” agg%%p?ﬁgﬁ'?smemal
caleylgtianl bk servdn amguim2 Therderivaticusiand solutiofs provided bereTdvenot address
cal cul.ation.in blocks 70, .72 and. 74 can be repeated
et BRRine s A APT R SoRet for %rﬂgf%t P@edBegiedngucs
37RCCS®leafd|cises MRE bePESihY idpcd?ﬁpakkf A e
F‘,toezgti on toct he next). A single calcu glteicgngﬂea teerm)r accuracy
of thiet idat spolutign tth dhatoefpthe spheripak selatioron The rpsults eseldepicied in Table 1.

fi nal rge jght, HIR. [0035] .The spherical .

hesk {Fets Ao ERE Mol P P mafel, e G e g the targe

heigtydua o infpat &f6rs OThe fredultthgf drdrs 81 véky B0se BABRUTh EpHEsiERA model.
f eedback, it converges very rapidly (e.g. 2

In Tablee} apmbass in beld4tadics dapigitthssd thaietrer wasimducedy ror and 5
iteratio r utical | e-result .error).
Because g\gbl gw@ffgl;egﬁiﬁgﬁgo Lar% praga(m &g%t,vst egﬁﬂiri cal
earth calculation may al sRsde conputed with pen and

REGRET W tHeght | 11T epgldcert Rerpdil el C@hﬁ%@dﬂkh%h@ﬁ%f
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derived here canj- $yahsQ b¢ ?%d ¢Up fqui a

easily, for use |n det gr m nes
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L
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a comput er ‘l? rahth
D @ conmp HEGS"

stt+ph—of-thegroun H HH-eeti-en—HgoiAt:
15036 H-+A—t-he—past; 2L at mhsdBL10 pdng; ¥Acorect (N4
2499958 pclen taken i hto Akoun] 1820RES s aO0d8st 0.52
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28 rectt i ok-08focebs _o25by ah dBfL286 off t hdd.Barth radd.Gs
350 t hd sphelrical| 249.8288t | on3bp039 cert atiflanoynt . g8

derivations and sol uti ongagy®pVvi ded here do not addréess

effect] usi ng knopnf6hRi gles S§1a g¢ases
have Heen exami ned to conppre . tdiiferen i al {error

thht ~ + hao
CITTrga T\

R SpherH&gﬁ{enjan}o&%_ a} Ushh 13‘ yorg felical O FHError
T /]

+ fl ot _anl
L O

O poriloar L1 utilon. tin rebuw69625e honi VAL | | TaBVA
0455' These Q'SQIH tls demdhst r t@-@ﬂh'*yt he {0.046 mjiel @825

GE usdd t @58st i nat e 1625 or sl i 0.396d4t af get 0.0hei ght duB66
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to that of the spheri cal nodel. In Table I, nunbeéers
in bold italics depict where the error was induced.

[9P3B] e MNoispiiy alse epuge oferrer anddbrsansedbnflpngdel wiosely matches the
spheﬁéﬂ@%h&&l in CARE of afFRYDE G 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
(5).

[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




Spherical Spherical RangeHei ghtDi stanceTar get
ErrorFlat Error Height 2501251131.5149N ANI A
249.99581251132. 02150. 490. 52 2501. 004251131. 01560. 50. 5
2501249. 9958131. 00590. 510. 53 Case 2 Bounce Spheri cal
Spherical RangeHei ght D stanggeTarget ErrorFlat Error
Hei ght 0.50.51. 250. 65625NI ANl A

errog oggﬁ% %%tp%g 8alg é%%%ggs&@ @981@%12)!?@ input mean values directly to equation (5)
witlV 06 ol anli2eihphsifg s Q&M A4 Ghé QQ?@%&W%t in%is@'cﬁlﬁiliﬂr mean value

source of error and because the t no cl ose
resWifat ches the spherical situation in terms of

Ty T -
providRed mettidd £68 de@iminfiy the Heigh!HL O tdrPetebdd b Qrfade?) For the flat

0039] As a sinple exanple,” if the ground bounce
modgl, dhemethod pomprises the steps ¢fcdetatmining atdistansetR fiosesource to a target,

: i unj_f.or distributed the nolse
coreBs oot LY BOR BT LBt YO Gy & Moo kB g et thar
is redlettet hygtheadurfaba pe tdu@ude, HOerBinigf M Helphe # ot HRNsduRe above the
Q her, input noise densities or conbinations-of input
surfagsi ard detaaminingsthoiheighidlaef diritayeati2ad heighbrroes (dup bo input errors)

: -qut put noi se density can be closely estinated
'“Smgﬂgp%gg?@“me noi se i nduced -10 |

(L -R%)
4H
[0041] For the spherical model, the method further comprises the steps of:

H, =

© " (a) determining a parameter a using the formula

'\/RZ"(HT _HP)Z . e e el
a= T , Wherein Hp is initially set equal to H;
I+—L '

P

(b) updating the parameter Hp using the formula

H, = \/(Re+ H)? —a® —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

HTR =~Re+ ‘/(Re+ H.)+ a"[&—]z )
H f 4

[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 the
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 weli—known technology.
The distance L = Ly+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




error on the output can be assessed by applying input
nmean val ues directly to equation (5 wth no noise
and conparing this result to the conputed output noise
density nean value result. [0040] Fromthe above
description, it should nOMIgfyppparent that the

i nvention provides a netho or determning the

hﬁ&gpt Fﬁ'of target above a surface. For the flat
subsgauratly 1 %ct%S}ﬁéﬁe EFHIG ShssTache Smeplimster RS y therfinghaigeraft can
oo R fro L
detefhil 30 Seiphe HOTL B PHOF 90 1kl FHBEL for HE pERNSR) B and L and
compiiighdlie fargamhieight usingdhe tahodsi adr @fubteisedesbyibéchabove. The target
. surface.to the sqgurce, determning a height H of the
heigBbfs 28 Ciisiroisd on S delbrercd s FmQUBRIA TR MebIAgk S
AR ) TPl Shy A 12 Bain BHEADRL b Kb B PR3 grmodiments, i
~will b @ppasend to tladse shidled jn tHearnthatremtiotis chdrpes cambe mmds td the described

B S50 bl SRS U 04 e ftowing
claimfiitially set equal to H 1+ T HP (b) updating the
parameter Hp using the formula HP = (Re+ H 2 - a2 -
Re, wherein Re is the radius of a sphere; (c)
repeating step (a) using the updated paranmeter Hp; (d)
repeating step (b); and (e) determ ning a hei ght of
the target using the formula H HIR = --Re+ (Re+ HI) 2
+a 2 HT 2 P [0042] Steps (a) and (b) can be repeated
until the paranmeter Hp is determned with a desired
accuracy. [0043] FIG 4 is a block diagram of an
apparatus that can performthe nmethod of the
~invention. A radar 80 can be nounted on an aircraft
and a target 82 can be another aircraft. The distance
R fromthe radar to the target can be determ ned using
wel | - known t echnol ogy.




The distance L = L1+L2 is the distance traveled by a
mul ti path signal, which can.be a radar signa
reflected by the target toward the ground bounce point
84 on the earth 86, and -11 subsequently reflected by
the earth to the radar. An altineter 88 in the first
aircraft can determ ne the height H A processor 90
recei ves values for the paraggters H R and L and
conputes the target height 'using the nmethods and

eguat Lons. descri bed above. The target height is then
Whﬂ%ﬁf%gglsor ot herwi se delivered as an output as shown

by bl ocky 92. A @4dd bdiemiihmgithsirigtic T, SEstaBRe Bbove a surface, the

describc_eql i'n terns of several enbodinents, it wll be
methpipeomprisingthe kigpeokki | led in the art that various

changes n be made.to descri bged odi nent s

wi t hout ‘%&M?%@%SW#H%%%%% %'ﬁ?eéglrehventi on as

set for tdateriiriMe a dRkAneMiL18preSdnbiive of a Uistiiftattraveled by a signal from
claimed is: 1. nmet hod for determ ning the height Hr

the targed thahisgellectesbyethg sutfadede dhe soMEce; net hod conpri si ng

the steps, of. .deter.m ni ' a urce
o a t arperminitil & BT P uR PRk A5% B shleland | U0
of a di fkeiamilg heheRft OY ofthsitgpéel usfugahic efjittiont ar get
that is reflected by the surface to the source;

deternmining a height H _g_lﬁbzsﬁﬁ)ce above the.

surface; and determ ni Thegpei ght HT of the target
using the equation: H = (e -R 2) 4H 2. The nethod of

cl ai m 12 wheFla¢ method of claimds wherets thiesteppfaletarpining a drstance R

froma.source to a t onprises the step of:
ﬁomo%stoé’f(fﬁt?lfi#”égegW‘Eﬂﬁ%esﬁ%ﬁépa&?adar at the source to the
~ target 3. The nmethod of claing | or 2, rein the
step of gﬁ@i‘%@ﬁgﬁirﬁ‘@e o%pgﬁ&h@éhisomggﬁ%ﬁﬁrgp ve of a
di stancg, traygl &AM of chinfd lor b Wherkihetht afepIf defearhinise a

_reflected by the surface to_ the source conpréﬁes the
. distascep refreseniiiveota distarge tewveled by a signaldram fhertangetthag lngllected by

t rm.n + bty acting 4. The net hod of

mesg%%gﬁglegpm%g?%ﬁe%tﬁ%%%erei n the step of _
det er mi wdimga deldy 6f ariar teture foresigiabtol doternfinel i Atand subtracting
travel ed by a signal fromthe target that

4, The method of any one of claims 1 to 3, wherein the step of
determining a distance L representative of a distance traveled by a signal from the target that
s reﬂected'by the surface to the source comprises the step of:

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

3. The method of any one of claims 1 to 4, wherein the step of
determining a distance L representative of a distance traveled by a signal from the target 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.

6. The method of any one of claims 1 to 5, wherein the step of
determining a height A of the source above the surface comprises the step of:

using an altimeter in an aircraft to determine A.

7. The method of any one of claims 1 to 6, further comprising the steps of:

(a) determining a parameter ¢ using the formula




is reflected by the surface to the source conprises
the step of using a delay of a radar return for a
signal to determine 2L, and dividing by 2. 5. The
met'hod of any one of clains_kyto 4, wherein the step
of determning a distance L' representative of a

di stance travel e ignal fromthe target that is
refl ected bJR\?hQ uffgye to the source conprises the
step of @sﬁg—r%wowhw@aﬁrIﬁéﬁiualiﬁésqtsﬂuaéit*gﬁél s
t hat determ ne bp Rand L + R and subtracting the

“two. 6. The met ho#f any one of clains | to 5,
wherein the step of deternjnin eight Hof the
sour ce a@éwdﬁtﬁlﬁ@ﬁPﬂé@@w&aﬁb’ﬂ“gé@e%ﬁ@g ep of using
an altinmeter i aft to determne H 7. The
met hod off P&‘T’I)/W@? - atlfe thrgn&{,e if thegpdips Eg?rﬂ?q?%‘?'ng
the steps. of (a) determni a par,amet er using the
formul a @ I@éﬂ’@% $ipP @ Hﬁ‘}‘ﬁﬁ%aupfla%dﬂf’raﬁ};@ erein Hp
is initighl -4 H (b) updating the
par anet e bl—%peagl%gﬂt’lﬁie)’for nula HP = (Re+ H2 - a2 --
Re, wher(e) defemingng hkeightdif the tafgehusipg e dormyla)
repeating step (a) j 2ed paranmeter Hp; (d)
repeating step (b) ) rim ni ng a hei ght of
the tar ggTRliFsi'Rgi- ﬁ%ﬁfﬂﬁa‘ﬁi’&g Mg R=_Re+ (Re+HT) 2+a2
HH P 8. The method of cl ai Ef’,” wherein steps (a) and

b d til, th t s a . )
o th o deotr aedeeiied e /AR ffgy By (I hAORR it e
pardtheldr BBy i deRrilinedl WithfdesidRicufdeng the steps of

estimat | Nng errors due to chan es In |nput paramet_er&l. £
10. An a@ppar Jhametimdmbrins ool cdaims dde 8.l sompasing the steps ok

i onat :?ﬁq%{;@%gng?'tit#@gﬂ%%%ﬁiﬁp‘ﬁsyﬁ%mg surf ace,

for

and

10.  An apparatus, comprising:
a radar transmitter located at an altitude H above a reflecting surface, for
emitting radiation;
a radar receiver for detecting radiation reflected from a target located at an
altitude Hry above the reflecting surface; and
a processor for calculating the target altitude Hy from the relationship
(L ~R%
4H
wherein L is a path length of the radiation reflected from the target and the

H,.=

reflecting surface to the antenna, and R is a range between the radar antenna and the target.
' 11.  The apparatus of claim 10, wherein the processor:

determines a parameter a using the formula

2 2
a= "/R (H; —Hp) , wherein Hp is initially set equal to H;
HT
1+—+
Hp

" updates the parameter Hp using the formula

H, = \/ (Re+ H)? —a® —Re, wherein Re is the radius of a sphere;




a radar receiver for detecting radiation reflected
froma target |ocated at an attitude H above the
reflecting surface; and a processor for cal cul ating
the target altitude HT fromthe relationship {L2
---R2) H = 4H wherein L isg_path length of the
radi ation reflected fromthe target and the

bt woon- RS M G5 o RebiiniyRE mararls o vt ' GRBGa parmeter

. apparatus of claim 10, wherein the processor:

determ nes a paraneter a using the formula a = R2 -
(H - Hreppats thewteprafiupdatingithe parametef Hy; andt equal to H;

+HT HP tes the papaneter Hp usin he formula HP
= (Re+ gf!}k{ e lﬁelg%t ﬁg’{heﬁrgptewpgége F%%i“#e radi us of a
sphere; -14 repea termning the

par amet _ US| dat etiFgar aneter Hp; repeats

t he st e%hé ugigg' (ﬁgﬁ’tﬁr@ %aargmt I Hp; and determ nes
a height of the target using-the formula HPT HIR =

-Re+ {Re+ HT )2 + az HT




