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SPATIAL FILTERI L I bL3IGI~

CONSI DERATIO:~S FOR A LAJ2R L::;E

SCANNING SENSOR

I. Introduction

The design of an airborne terrain mapping laser scanner is being

studied by the Air Force. ~~~~~~~ proposen sensor would collect range ama

reflectivity data which could be combined and used to construct three

dimensional imagery 01’ the terrain.  Some of the possible app lication s

are referenced In an AGARD report (Ref 1). Figure 1 is a block diagram

of the laser line scanning sensor which consists of the following basic

components :  laser illumin at or , line scanne r , di rect detection receiver ,

cptics train , signal processin g elect ron ics , display device , and a

recording device. The line scanner is used to scan the terrain in small

st rips perpendicular to the aircraft ’ s forw ard motion , while the line

scans are incremented along the y—axis by the aircraft ’ s forward motion

as depicted in Figure 2 .  The beam intensity pattern as represented

along the x—axis is c(x), and the width of this intensity pattern along

the x— axis is the beam spot size which is designated by X. The laser is

intensity modulated by a periodic signal. The laser is used to illu-

minate the terrain with this periodic intensity modulation and this

signal is detected by a direct detection receiver. Within the receiver,

a particular harmonic of the periodic signal is phase trackel , and the

resulting phase is compared to the phase of the transmitted signal. The

phase difference between the two signals is converted to the slant range

from the aircraft to the terrain spot being scanned. Since the phase

used to determine the slant range is relative phase , it may contain 
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Mod 2ir ambiguities. Thus, the range measured is relative range and will

contain a C/2f
m 

r’ange ambiguity , where c is the velocity of light and

is the frequency of the detected harmonic.

Problem

The purpose of this thesis is to analyze the spatial filtering

effects of the finite beam size, and to determine the interaction

between the various laser scanning sensor parameters and the terrain

characteristics. This analysis of the spatial filtering can be used to

determine the sensor t s fundamental limits of resolutior . The primary

goal of this thesis is to examine the image degradation caused by the

spatial filtering. In addition, there is an interest in extending the

analysis of the spatial filtering to the analysis of the spat ial filteri ng

for the desigu of a forward looking sensor utilizing small grazing angles.

Previous work done by Robinson (Ref 2) included an analysis of the sensor

with sinusoidal scanner modulation which determined the conditions for no

distortion of the terrain input signals by the spatial filtering. These

results form the main approach to the problem and will be reviewed in the

next chapter. Also , research has been conducted on several promising

types of temporal modulation for the laser (Ref 3) ,  but the analysis

needs to incorporat e the effects  of spatial filtering to be complete.

Such an overall analysis will be used to optimize the sensor performance

and will impact future sensor designs .

Assumptions

In order to limit the scope of the problem , several assumptions are

made in modeling the spatial filtering for the laser line scanning sensor.

First , the receiver is a direct detection receiver. Second , only periodic

3
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temporal i nt e n s i ty rt:o~lu I : : t  i~~n . ‘:- : n o , i u l ’ i t  t o r i  can ho l i l a - a  O t  c i

a Fourier ’ :~~‘ r ico  w i l l  la~’ ‘ ‘ii ’ i a - r~’ i . ‘Ii i ~~~ t ~~t_ ’ ~a - t u t :  ‘~ i l l  ‘ - tne . l , ’  1

as havj t i~ on I v  OUt ’ .1 j ;:t -n: ; i on  wh i,’li w ill L’~’ :i I o f l~~ t to ’  :a’ :tt :tto r t a - c t .

ci’ motion x— :ix it ’ in  i i  ,onr , ’ I )  . In t u rn , t h e  t o  era i n  w i  11 ‘ i t  ly  :‘t n e , i , ’ 1

along the  atum .’ . t x t  a . I”o u rth  
* 

t h e  r e c e i v e r is t i l l  gned intl  1’on~’ I l o t :

p r o p e r l y. I”i t’t t i  , the rcc~’ive r n oi se  i e  W I  uot. :in~i t o ’  i ta ’ . ta i l • i t  i a

assume d that ,  too - post dt ’ t .t ’ct . i o n  a i~~n :t  1 prot ect ; : ; j U~ w i  11 t p ’ t  t’u r t . h or

d is tor t  t i n -  ,t- .; I a ’  I i n t ’o rt o t tt .  t o l l

Thesj s~~~v ’ rv

T o  :malys is o t ’ t l i t ’  o p - i t .  i a l  t’I I to  a in g  p re l ’  I o n  a t : t t ’ t  a w i t ’ : :: :‘ev i

o t’ the  sp at  ia l  t ’i i t  .‘r i  r ig  t o e t io l  . A :-; c r :or : tL  : t; ’pron ~’hi t ’or :t:o,a’ 1 i t o  t h e

terrai n at ; a :-t . ’ : t . t a t . i o a l  1 5v at  ‘ t t , i et~’t ry pr ee  ‘ t o  i a  e~~:u t ; i r I , - •l . t i c  t c e r : t i r t

range trnd r’ t ’ t o o t i v I t.y arc mode i.e d at: G: i us a ian Rt tn d cm 1’ i’otc o ta : ~ - a . On . ’

to the  rion i inear  n t t t . u r - c i ’ t he  i r i j ’u t  r ;u:go S i~’.n :i I , o t t  h- ~~ 1 r~’ 1:: t

oh in’:; ho t ,w - e t i  t ho t e rr : t  in •‘hai’:ic tee jet i “a ci. ; t i ;’~ a ’ne ~ ’ a i ’:tr:itt: , ’ ( - to :

riot d i s tor t  ion ar t ’ .Ic ’ r i v - i .  h ’ cnu : ;t ’  t In’ gene ra l : r ~’ l; Ic ’ . .  i :“ ‘y . ’n . t  t n ’

scope ~‘c t ’ this ot ;aj~, , ~:ell;, ’ ap~,’c i n  ~_p~~; -p ar ’ ’’ ~‘X :U ’. I l i tO l  t u O l  :L n o

: p o~’ it. ion I Iv t tie ~Otsoa  w h i  ~~~~ t i ’ , ’ LJ~t V ’ O ’  .1 I I ’ , - t t ’  r , ‘on_ ; i : t O t  t to r a t

range’ ;uid rot ;’ L i  r ; , ’ : t r ’ i  oat .  i o n  o t t ’ it ’ ph i t ca ’  modi:1 t i t  -a at t n , i ripu t 0100:1!

~l r te ot h e r e n  to ,’ j u l  ot i s ’ w h i c h ;  i t :  ~‘x: ut : i i :c , I  i.; Ito - ~‘ i o ~’ :‘ ‘r ’ act::’ I :

rece i ver:;. ‘ l i i  a t u i t t i v o  i s  :1’:’ l i e s  to jail t o  o, ’0;~~ i t  .an a, a t

‘rite t ’~’L Lo w t i t o  • ‘ o ’ ip t  ‘i’ i a~~’.’n;’,’::ed o t t ’ :01 cci  l \ ’ : i ’a ‘.‘t ’  o a t h  l i i

ri lteriti~ dis t o r t i o n  roe :1 .: lu g ’..’ a i t l : I , ’ i a t l  an :;  
~~
‘ i t i a n t  t i l .  a . ;~ I t O

eons t:uit. t O ,’ t ’ I ,.~ I I v i  t v . I ’ !:~- .1 i~o ~~~ i on .1 tic t o I I t o  i t t  I i t t  I ‘ 1 I t o ; ’! t a , i s

rn ‘so .1&’d to : :111 1 •l~ ‘ii 1~ ~~ ;‘ :i:t : ~
‘ I I to r ’ . an ;;o - to et a ’  a 0:, 1:’ ,a i  l~.i

-t i.t.~ ~‘t I .‘n t ’~
•
~~ t~ i~ ’ : ~‘ i i i  1’! .1 t~i i t ,.. I a i . t . t  ‘ .1 I - ‘ a’ ;- ‘w~~.’ - ‘ i . ’ a



the receiver giving the total range error. l’hi ~ resulting di~ tert.jo~ , i : t t . t t .

is plotted in tern~ of the terrain r’:oi go c ’t i : txoio t e r i st i c t :  , sensor  be;uii—

width , f requency of modulation , :u t d  the range error .  The uI.utortiurr

results are appl ied  to com pu te th e  i’:urgc urror  i’or several opec  i i ’i~:

cases including tin exten sion to the fo rward looking case.

In the remaining ch a pt er  the gener a l  results tire o unimuri o~’ d tuid

some recom~~ ndations t’ox’ solving the general spatial filtering prouL,’m

for any type ot ’ range i n p u t  :ir c ’ p resented .  
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II .  Sp a t i a l  I ’ i l t ~ ’r ’  t ’t.~~ c~

A one—I L inens  j ona I a 1’ :it.  i iii 1’ j i L t ’ r i i L g  nt ’.ic  - i a ’ j rosc ’nt  itt;. , I t t , ’ b e tu t i

t’i lt er ir i g I ’ t ’ , cs ’~~t t ~ o t t’ tAit ’ Lc ’t ’ lOt i l l’ t t l i g c ’ ‘ i t i . i  i ” ’I ’ l t ’ c ’ t i V t t . y  . 1 ’ I n t o  t n t ; , ’x ’

li ne sciuu ie r  w :io ,l~’v , ’ lopod by h . b  l t l S t ’ti  t~~id l~e i r i n t u t  ( ho 0 0 , 1;) .

mode I app Li e: ;  on ly roe a ’;’ i , ‘t t j ~ 51 t i n t ; . ’  i .I:i I i t t  I . . - t a t  i ty :i:. ‘. i ;t  1 ‘ i t ,  I o t t  01 ’ 1 ta

L aser , but . sons ot ’ude -no ra  I l t ’.: it I L tl lU  o t u t  bc ’ made i’.’r’ c t  h ost’ type ’s o t t

periodic i t t t . - ; i :t I t v  motd~~1t i t i . i ’ti . l’hie rm’dcl Wa: ; o r ’i g i t i a i t y  i i : t ’ , t  to  t o t  o r —

mine the ooti.h i t j . n o  wi d o r  w h i c h  the  t . o r rain  1’:t1I ~’ e a id  at - t~l co t . i v  t t .~ :;

woul d not  be d is ; . . :’t. , ’ .i. ~l sh o r t  r e v i e w  a t ’ t h e  ;tx ~~i ’ i  t i o t i g w i t h  : . i t ,~

.‘ o t m i c j j t ; . n : t  otbt :ij:itat t’.r d i st o r t .  [ o t t  I ’:::: ;‘, ‘ct ’iv e t i ‘J ig lL :L!  . 1;’ , 1 X ’ to:t ~~ l i t t ’U i t t

the foi l_ ow in g  O t t  i . c i t t  . ‘l ’ht is 1 ‘aids tot (Ii , ’ p i ’  i t t  C;’.I t t : l : t  I t t  t I  t o l l :  I t i c s  I S

w h i c h is te : t t c i t y s t’ t o o  . i i . t i , . r t i . r :  s i ’ t hus r’ .’o t ; ’ t ins  ro0~~’ot  1 v i t . _.’ a I .

~t t t r sed  by the 1’ ‘att i t’i It . i ’  L u g .  i icct iuse I. lie gout ’ ;‘t i  1 ‘ ti n ’  o t t ’ . i t  I i l

t’ii t~~r’i:ig is not .  ,.eo; i Iy  :uctiyot ’u , ii.  i t ;  t u e  ‘t t t ; :L t ’y  t o  . c ~ . a J  t i n t  i i . ’

t he’ .lctt c a ! pt I ‘ti c i ’ the t i ’ rr r t  i l l  t’ nn g~’ t cot ;‘~~‘ t’ioe t i, v I ty , ‘ t i t i  t La’ b c:it t i

t
’ i ito ri r ig 1’t rnc t ion .

The t’OOe ’ LVt ’d S i  ~~ 1Oi I t I  t i l e ’ ,Iet.ce’ t ot ’  o t t t . 1c i i t .  i t t  rep a ’~: ‘ i t t  ~‘ .1 l v t . l i ’

following in t e gr a l  (1-h f 

~~( t  ) = P , I ~~x )  l c lx -v t ) f ( t  - 
..~r ( x ) )1~ ~i)

where r( x )  It ; t .!o ’ t a u t i ’ t i t i O c ’ fr om t h e  t .c t ’r : t i t i  t o t  t !it ’ iii r. ’ r :t t ’ t , b~ xl i ,’

the betuti I ’ i_ I to i’i no i~ i . i l~~ t . I o t n  
* ~ I, K )  iS  I t t ’ ’ t ,e ’l ’i’ ri i n  rt ’ t’i . o o t  i V i ty * V I t :  I t o ’

sc.~~i Vt’ L o c i ty  
* t ’~ t ) La l I t - L o t ’ . p o r ’;. I i i t . ~- t a  t ty rt t .~~i t t , : t t .  t O l l ,  .‘ 15 1.11 , ’

v e l o c i t y  of l igh t  , arid I’ i t ;  t h e  l t ’ ti c o p t .  i ‘al .‘w~’r ’ w h i ch  in c  l udes t h e

p ropt ig :i t  i. ’t i t i r i d  ‘at  I t o :  I . ‘, t S c ’ t : . I i i  i t t  OUt ’ 1 ttlei.5 i, ’ l l : L  1 i ’ - ; ’  i ’ , ’z t e ti t : i t  I ‘i t  .

si’:i t .j t t l  t’i  l t. ~- t ’ t i t , ~ i t t  ~‘ : i I  I d  i t ’ t h e  I id. ’ .I j ; t : t ’ ; i . t i o t n o l  t ’ctun t ’i I t  c i ’ ;  n

t’uiiot .  ion , to l, x , y * 
i s  ‘x l i’ - : : : ’  l y  ; t l ; ’ r ’ - J  ‘ i i  . ‘n~ t to ’ — . t \ I z . , 0!’ i t ’ ‘. t t t ’ t ’ l t t ’ ’.t ’

‘ I
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r( x ) is tret i  ted as an average of the ‘.‘:u:go vt t iuo~ i i i  t i n -  y i i t i t t ’ i t . ;  l i t

over the beam spot s i z e .  E.j (1) is valid for all ty 1 - .: o t t
’ i nt c ’;;:; I

modulat ion.  It is convenient  to -t ssuzne t ha t  r (  t) i-s per i . ’n t c  ‘ S i t  ‘ Pt I . ’

followi ng Fouri’lr  h e n ce r epresen tat ion : ~~c 11e~~~~ Ut tr t 5- 
, w t . .~~ - t ’ 1. :

the fun damental f requency and the c ’ s are tue F o s r i c i’  OIe i ’i~.’.; .‘~~t .’I ’ f i —

cients . By inser t ing  th e Fourier Ocrics l’ol t’ esctAtOLt I t ’ ; t  f (  t ) L i t  p
~ 

I )

i t  can be rewr i t t en  tie follows :

.1 (t )  = p0 ~=L erir p ( x )  b(x — ~~~) +j nf r n ( t _ 2
~~~~~ )~~~ ( I ~~~t’ o : o )  ( :)

The Fourier Transform of E~ ( o )  can be determined w ;i : tg  two  i . n r i c a

Transform theorems , and is the expression in Eq ( 3 ) ,

s (f )  = 
~o n L 

art 
B*(~~~~~~~hl)  1)(

t _ X t t tt; ) ( Eef  0 : 3)  ( . ‘)

whe re B ( f )  is equal to the Fou r i e r  T ra ns f o r m  of  b (x), anO ‘0(f) is equal

.1~~nf r(x)to the Fourier l’ransiorm at p(x) exp (_ ~~~ 
) .  .- otr harmonics with

nonzero C ’s , the pe riodic modulation s l i i ft ~ the spec tra so tha t  is  is

cente reti at muitiplee of the fundamental  frequency . The amoun t 01’ infor-

mation received is indenendent of the sc:ut velocity because both 1 3 ( f )

and B( 1) are sealed by ~~~. i t  is important to realize tha t  the b aridwidtn

ci’ one spectrum alone does scale w i t h  v as th i s  wil l  it in act  the  post.

detector electronics design . Altnough all the specaral contain t’aitge :iiìd

reflectivity in format ion , the info rmation will vary between har m onies

¶ because the range ambigui ty  interval is di ’:ferent . The constant-s in

front of Eq (3) will be i gnored bec :iut ; c they do not contribute to thus

range or reflect ivi ty data.  This leads d i rec t ly  to t h e  spat ia l  f ii t cr

mo del which Rob in son derived ( I-tel’ 0 )  toil w h t i ’ t i  is shown iii F .L& l& r e 3 .

i ta t -  model iii Fl , n rc  3 is the ‘~.luivalent C O , f l j  .Lcx :nc ’.i’ l for t l t c ’  l o t  act I~’ti

o t t
’ any ha t ’monic , ni ’ . . ) t t c  t : t p e r - t : t t i t  eo:ts ito ’ca t ,~~.’;: i . t t .t i : i t .  th e r ing’

‘t’ 

~~~~~~~~- -~~~~~~--- - -- 
~~
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b~x) s~x)

Fig. 3. Spatial  F i l t e r  ~tou~~L

dat a being ::;ctts ured is relative i’augc ‘1:10 ::: t i~ ,a ’t~t a i i i  ho~t OIT :ctd; 1 ~:Si t I Ott

depending upon A , toe fun diunontail W t t V t ’I O i l ,  ~t n  01
’ 

t t t t ’ temporal t:s ’~~~~1

tion; and the range variations witriin the b -ten t . ~lrt Le s ~ tticr~~i~ e

stated , th is  mole j . wil l  be used t ;i r o tu gt t o u t  t t ;e  l ’cmai : iuer  01’ i t o ’  t . t l .’Si .

The f i rs t  appr oacn to t h e  sptitiul fiitc:rL ng :tti:eL ~ sic the .;t.’ a L , t j t ’

modeling of the terrain 1 ttrt , .mc t~~e’s.

Gaussian Random I’ r otc t s sc :.; Model

An original a pp r o t i c r i  to L i i ~ ’ s L c : t t i t L L  :‘i .11, - n t : :  pa t . , t t t  is  I , . ’ ::t .’d ’ l

the terrain range and i’e flee t  i v i ty  t e ~,’, c .h : t t ~~~ j t i t  ~ t o o . ’:.: Pe~~~ -~ate:: hi g’

compute the power spec t r a l  dentt i t y  c t  ‘ t .  i t ’  i:p s * a t  i~~ t - ‘a ’ O : l t t a  “~ t ile

Fourier Spectrum is o i st  otr’ t~ ’d by t t t e ’ si’ i i  t , L t t ,  I t e r .  ,‘ ‘~~~ ‘ O c t  , o w  t o

assumptions are used to model I i i ’ :  t. ci’ :” i t  t t  :15 a h-ti ’ :

1. p ( x )  and r ( x )  are u t t i t i -st ic a lly  i t l t ’ t ’ , ’ l t o t ’ t i  h o t ’  W i t t  .0 1 0  U, ’ .u t , t .

0 .  ‘fhe terrain t ; O t ’ t t c ’ I . : .; i. :: t~i s t .Lc : 1 .L~~v ~~~I : i I  i o u t ; m ’ y  Sot i t ~~~~ t.

eoti ’r oL ;t t io : i  l’unctions R ( x , x ’ ) 
* 

t i ’ r : e t iOt - : i i l i .. ,‘0l’ ’c ’
~~~,:t 1. :; : t t . . ’t  t O P , ‘11 10

R~ ( x ,x ’ ) 
* 

the i’o t ’l ec t i vity  :i;t 1. ’t ’, , r r ’ I ’ t t  ion : s it c t . i o n , ~~~~ Ic . ’ W1 ’ i t . t , ’ ;t  ‘at

It;

- -  

~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _~~



R ( d )  and i~~(d) re’saectively , where .1 = x-x ’ .

By using the above assumptions and the characteristic funct ion , it can

easily be shown tha t the autocorrelation func t ion  of p(x)exp(+j~~~~~~~~l)

is: 

R0 ( d )  = R~ (d) exP [~ (~~
fl
~ m )

2
( R ( Q )  - R (d))]

The Fourier Transform of Eq (14 ) is the power spectral density and can be

written as follows :

(~~
flfm) 1 r(0)

= e c Fd[R(d)1* i-’ [e ~
—

~
-— 1 ( 5 )

where Fd is the Fourier Transform operator on the variable I. If t h e

bandwidth of the Fourier Transform of R~ ( d )  is B~~. and the bandwidth of
2~ ~LI~the Fourier Transform of e x p ( ¼_ ~~

_m) r ’ I
) j~ Br then crudely the

c

bandwidth of h
d
( f )  is the sum of these two bandwidtns . Titus I’or the

input signal to be filtered with no distortion ,

B + B r < B (6)

where B~ is the soatial  bandwidth of t he  beam filter. Oepending upon

the characterist ics of the range arid roflectivity -tatocorrelation func-

tions , it is usually very dii’ficu,l t to compute B~ and 13r

bandwidth measure is mean quared bandwidt h  of the power spectral density

(Ref 5 :100). It can be used to rewrite Eq (o) as follows :

+ j g~ < ( 7 )

where B~ is the ref lect ivi ty  mean squared bandwidth , B is the mean
bn nf’11~~R ( d )squared bandwidth ot the Fourier  Transform at exp ( ( 

~~ 
/ r ) ,  and

is the trict i:; sq uared bandwidth of the t’ii t e r.  ~~q (7) can be rewritten

i n  terms of ti ’ie beam snot size , the  m et t n — s c 1t ~aI’t’tI 1’’;n.i ;~ 11th ot ’ t he t ’ :enco

9
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p rocess , 1Y , u-s i m : g  some p r ev iou s ly d er i v e d  r e su l t s  (H e l ’ ~‘ : 5— o)

J B + J~ 
(

14~~~fl1~~~1
) i~ 

(
~ ) ( 8)

ifl  Eq ( t $ )  i i l ~~ ) is L t : c t :;, ’ :i : t  s .ll t :1l ’ t ’ .1 r ’:uige v ar ’ ia t i o i t , :ut d i/X 2 (x  it : t :te

beam s pot ci tte ) is :1;:.  r ex  it ’ t t i t o  .ty eq ;ccl to th e  ::it ’an quaz’etr b ar tdw i  u th  01’

t ue s rat 1:11 :‘ I t o n .  t c
2 is tone  intl  ly mit t ’ ii  larger t han :‘ ~~~. i’t’ t’  no o i s —

— — 

r

to rt ion tuid  toe i nru t  h an t i w i o t t i  ‘0’~ be L n ~ ; st a t  Li 
* i3~ can be p i ’epor t io it o i l.y

Large comp :.i t’eo to ito- c:we t ’or  ot , oci ng l : t y ’  tO .  0 imilar ly  , I i ’ t h e  input

bandwidtn 0 is smal l , :‘~~ c u r  be i t L r .a’ ce :t tptei ’ eu to the 0:150 i ’ot t’ ‘0;

large . Thus r i t e  re’ is at  I ::t , t’ ract i on be tween  r(  x )  t imi d ~‘t x )  wh j o l t  Oc

on the respective i : i 1’ut  b an d w i dt h s  an~l dir ~.’ct ly : t i ’ l’&’c U J  the  d is t o r t .  ~, ‘n cm ’

the resulting cut put s e g m i t i l s

Dis tort ion Et ’fe ’ts

The GRP mode l i s  geL-I f or  d ot e  a n ti t r in g  t : I t t ’ cot ;d i t i a n s  f ar  no d ist o r -

t ion  , but it is subs t au t  1:11 ly rou t i. esoi t te  to’ use for’ let c anti n i  i to h e w  the

~ i c t t t t i 1  w i l l  be ,i ist  o t r t c d  ‘ the  t o ’r r : t imi  i np u t  si tn : t i  * ~ x ) e x p (  ~~ff f l  f a r( x ) )

n tis a bandwid th  w h i i c t i  exceOtle  t h u .’ h t u i d wj d t t i  01’ t a o  spot . ltd filter.

I~ p i cally , t :i is condi t ion i s  er icoun t o  rt ’o f .’:’ i ’otugki t .ori’:t I fl  1 }i:r  i l :ts s

edges , and rap idly vt i ry  log t e r r a in  lie I g l i t e  c u b  c t l :U l fe t ;  1:1 t~ .’ 01 oct .  i vi  ty

and will resul t. in sonte o t i st o rt i o n  et ’ the u,-rr-ui. mi r :Ll t o ,.’ and rt ’1’t ~~~ ~v i t y

s ig nals . The die tot at . i o:i ro .’t ’ cc caused toy It. i re I ’ ’  un 1’ i. t . t  ~~i’ I i to is  ci l i i ;~ ii’

p rocess ; howeve r , th e ph i : i se  ::to’dult i u - i  range i t t ’  St 5 I gn ‘ i i  Lt t no :il m e n  i’ ,

th us th e re u l t tu i t  o u t p u t  s ign :u Is w ; i i c l t  t ire f i lt e r e d  w I  ~. I be miemi l  e n - a m ’

This  n ro ’b i em is tne  c t  : t : i ~l t i r d :n: ;m L i t u d o — i t i o s ’ : tt o t i u l ’t t . ’.i cc j c. t i : t i  w h i o t i  ~

t’ilte red ; and is ci.  udied by 101 . t i  i t t . ‘ m t  ( I e f  u : m ’ .1t~— t ’  ~~‘ 
‘
~ , t i m i d  ‘- t i n y  . 1  t tc ’rs

i:i the ‘ a n w i t t i  L o o t .  t o i l s  t ’ i , ’ , t .  O t t t ’o m ’t  S t i n t  c .. v • t : t i  .; t ’ m ’ c ’t, Len :  dOt ’S net  \‘ I . ’ i . t

1¼)



any exact , tractable : t r t ’ .u .Igçt ic  s o l u t i o ns , thus most solutions are genera l ly

arrived at by numerical means . 1-however , there are some specialized

results which are made possible by modeling the terrain range variation ,

the terrain reflectivity , ati.i the beam function for idealized cases .

Linear Approach

One approximation which considerab ly simplifies the spatial

filtering problem is the series expansion of the exponential and

truncation of this series to include just the first two terms . Now , the

terrain range input to the f i l ter  is linear in r ( x )  and the spatial

filtering is equivalent to the lOW pass f i l te r ing  of the product of two

amplitude modulation processes. The linear model representat ion of t ’ae

beam spatial filtering is shown in Figure ‘4 . For the l inear approxima-

b(x) s(x)

Fig. h~. Linear Approximation for Spatial Filtering

- ~4imnfmr(x) -tion to be valid , the following inequality mus t hola, 
~

Typically ,  this means that the left side of the inequality mus t be less

than ~t/ l 2 , or the phase variations are less than 150 . The linear case

ensures that the bandwidth of the phase modulated process is narrowband .

If the variations in range are small , the n fo r no di.rtortion tiro s p c r t i a 0 ,
I

frequency variations of the range can be considerably larger t i tan when

11
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compared. to the general phase modulation case . When the n 0  term is

detected , there is a reflectivity term without any dependence on r(x).

If this reflectivity term could be detected , i t  could be used to remove

the reflectivity dependence of the other terms , and if done properly

could decrease the spatial bandwidth on the input signai to the spatial

filter. (Th i s  discussion on the removal of the reflectivity dependence

is applicable to the general problem , riot j u s t the linear approximation.)

Constant h~an~~e

Another method for analyzing the beam interaction with the terrain

reflectivity is to assume that the terrain range is constant , so that

Eq (1) can be written as:

s(t) = rb(~ —V~) f(t—c1) ~(x) dx (9)

where c
1 

is a constant range term. The Fourier Transform of Eq (9) is

the convolution expression in Eq (10), where F(f) is the Fourier Transform

s( f )  = e~~°~-F(l’)* ~~~ B*(f/v)R (f/’v) (10)

of f(t), E(f) is the Fourier Transform of b(x), -md R(f) is the Fourier

Transform of p(x). The whole process can be modeled in the time domain

as shown in Figure 5. Therefore , for the constant range assumption , only

H 

b(x) _ _ _ _ _  

s(t) 
-

f(t-ç)
x =vt

I
Fig. 5. Constant t~ange Spatial Filter LIodel

if

‘- ~~~~~~~~~~~~~~~~ ——.5--— ~~~~~~~ .~~~~~~ li~~~~~:-==—=-=
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the reflect. ivi ty v a r i a t i e : t  w i l l  be cbscrved. ~Usa , the uls t u r t i e r t  ‘wt:~~cb:

will be observed is sit : tp ly t .:t o tow tiSS :‘i i t e r e t i g .  U t ’ a::

modulated s ign a l .  P t : i s  i t t t o l i e e  t ha t  the sensor will be u.Uie to :‘~ -t ; . ly e

reflect ivity v’ir~ atjerts along tao x— t.txis aot’wo to  th e  disc of the bean:

spot cisc. ‘ne o u t  ire c o m : s t . e n t :‘-~ :t~~e d is c  sss ion is t .ei:ti ,L egous  to

observing t t i c  Four ier  fo n t - s  cent s m t e n t  for :i= t,) tie previously discu~se~

unde r the l inear app i ’ ex imt t t  ion .

Another E~er r e u e : :t at  1 — t t :unrf ing

The e f f e c t s  of spa t ia l  f i l t e r i n g  ott the t e r ra in  signals can be

characterized for c a m h ’ l i m i g  r ece ivers . This is particulai’iy valuable

because the s :unrling concep t s  can be used to extend the spatial filtering

results from the case of sinusoid  modulat ion to pulse types of periodic

modulation to pulse types of  rer’ iodic modulation for c l u e  scanner.

Initally , the t e r ra in  range wil l  be assumed to be constant , so that .  only

the variations in :‘e:’i ect iv i ty  wi l l  be observed. Using the constant

range r e or e s o nt a : i o i :  w h i ch  was previous ly p re sen ted , tote bean: s rat ia . l

t’i l ter ing can re i ’opresente d as shown in Figure  o , where p ’ ( x )  is t u e

filtered reflectivity. For a pulse modulated system , p ’(x) woul d be

,°(x) 
H 

b(x)

I
Fl - - . 6. Re1’1~ c t iv i t y  O r a ti a l  Filterimic to: ’ ..~‘onc t ant  l~:to. -o’

13
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sampled it tile pulse repetition rate , and the samp les p ’ (x) would be

used to reconstruct p ’(x). To reconstruct p ’ ( x ) ,  it is necessary to

deter~~ne h~~w close p ’(x) should be sampled along x , or what the pulse

repetition rate ~hu.iii be. fince p ’(x) is ban dlimi tec by b (x) which

has an approximate bandwidth of l/X , then p ’(x) shoul o be sampled at 2/!.

or twice eve ry b eamwidth  to prevent  al iasing. If this type of argument

is expanded to include the terrain range input , the detected signal will

also be bandl imited by the spatial filter to l/X.

This representation can be extended to look at the more general

problem which encompasses other types of periodic modulation for the

scanner. This problem can be examined by taking the inverse Fourier

Transform of Eq. (3 ) , which can be represented by a sum of signals which

are demodulated to baseband and passed through sampling filters and is

given by Eq. (11). In principle , Eq (11) could be applied

÷ .1
~~
r(x)nfm

s (x) = E c p(x) e ‘~ c *b (x) (11)

to determine the output signal by using an infinite number of receivers ,

where each receiver detects a different spatially filtered harmonic.

From this modeling of the  sampling receiver two conclusions can be

drawn . First , for a constant range sampling receiver , the reflectivity

variations which are on the order of the spot size will be resolved

providing that the spatial filter output is sampled at 2/X. Similarly ,

for the sampling receiver which simultaneously detects reflectivity and

range variations , the m.inimumn detectable range or reflectivity varia-

tions along the x—axis will be several beamwidths depending upon the

bandwidth of the input signal to the spatial filter. Clearly , the

distortion of the input terrain signal is a function or’ its bandwidth.

j14
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Second , :.o :.s t t e r  -
~ :i.tt t’ tii5t ’ :‘ea~-t : ‘. to: t ’ t tt y 15 c::os~ ot , tss ust i : ig  t t : ~_

aliasi:tg ts :: t oco-t:’:-t:tg, the :naxin tt::t a:::. ~t .~’L , tt : .  of th e  de~~e c t e~ 5 l o: : t :i

is th e  sp a t i a l  f i l t o - r  ~,~nc-~- L , u t  t t .

I
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W i t h i n  th is  c : tapt t -’r’ , tr i o  d i s to r t ion  w : ti c i t  r es u l t s  :‘ :‘oct the  s a at i a .~

f i l t e r i n g  is S I S O U S S e S  t u t u  :ut,1iy s~~s. ~~ p r ev i ou s ly :t . -!ttio:t- .-a , ‘O.e 510—

tortion is casses by the L u c c i l n it i n g  of tOe St -
~~~ I ad :‘i ._ter . ~no slot_ a—

t io n p rocess  is of 000s ioe r ani e  int no : ’ t tu ic e  iii an:t.cy:in: t~~c ~ aser  l i n e

scanning  :o:t s~~r b o c t i a n t  th e  :‘esodution of the  se nsor  is liu l t~ c by ttte

aist . r t : c n  :‘ . s e ss .  ~~~~~~ .~~ ::te:tsat’ e of a i s tor t i o r .  is ~c f I~~~d , t~le t e r n

00 to r e t  ocr :. r .~~ ous . I or t h e  pu.i’t.oso 0:’ th is toesis , dls t c ’.’t io it

is defi:t~-d La te rn e:’ taco nec. s~~uares  error’ of’ t aco det ec tes  s igna ls

For etn er  n - i s sro o 0’ .l~ J t.t’tt .s:t .h:O taelr caicuint io : i , toe aaa:’oa:’iate

corzm an icat ic : .  i~~t c a lt .~re c c i  be consu lt e s  (Fef —15). Ai ’t~ r a ateasu:’e of

distortio:t is chosen , scaienow t aco  ai~~t o r t i o n r. tus t  be con tpu teo .  Unfor-

tunately , t h o  noddianisu: : , rOOeOO is a ner l l lnoar  process , and nutu s tile

distortion c:~ : only be con at os  by n’sricric~~l ana lys i s  w i t h  t h e  aid of a

digital compute ~:ce too d i s t or t  to~n clan been ::iose ea , it is ces ir abdo

to compute t aco a L :t c r t l e : :  in to r ’no. o f  t a t e  sensor  ama toe t e r ra i n

parameters . After t h is  st ep  is acco:tiolis::e s , the  s i st cr t i c :i  data  Otifl be

used to optimize toe sensor parameters  I’s:’ ::Jr:intant a ls to r t i c a c , given a

particular set of terrain aarameters .

General Analysis of toe facat i al  F i l t e ri ng  f i ct o r a i c - ::

To make a general analysis of tne  spa t i a l  f i l t e r in g  d i s t o r t i o n , it

is desirable to express the d i s t o r t i o n  in terrts of an m a rt — o u t p u t

relation . ~Uthou gh  this representation stnpli .fiea the ai’ohien , it does

not proviac an analytical s o l u t io n  for m o s ei in g  th e  aist e : ’ t io n  e f f e~~t~~.

Fi°ure 7 is the il i t :s t r at i s :t  of t~ e s’- n t  i:~l filter r ’ea l ’eseui t at  ion

toe d i s tor t ion  i n a ut — o u t a s t  t’~ 1st is:: . b.t~so OttO’S. .31 ::nn • ~ ‘ x) sos

lb

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —.- - -~~~~~~- -- -~~



p (x ) e~ b(x) ~P(x) e+j47r
~~

/
~

Fig. ( .  Spatial Filtering with output Ulsoal:;
in Terms 01’ the D e t eut cu  Ter ra in  U i g r i t L l . :

r ’ (x ) , is dependent upon both input  te r ra in  signals , p (x) and r(x).

Furthermore , p ’ ( x ) and r r (x) cart be exactly represented in  terms of th e

slant range, the reflectivity , and the beam in tens i ty  funct ion  a-s illu-

strated in Eq ( L U ) u s in g  the t r igonometr ic  representat ion of a complex

p ’ ( x )  J (P ( x) e o s (~~~
r
~
i m r ( x ) ) * b ( x ) ~~’+ (p (x)sin~~~~

m m r (~t))*b (x ))(L~ L)

,, .~ c —1 (p (x)sin(I4 TT r1 t’~i c ))*o(x )~~1’ k X )  = tttn (- - ,
r(x)

(p (x)cvs
~~

41uhfm TE”))*b (x))

exponent ial function , where the as ter isk represents t h e  s p er t it i o n  ol’

convolut ion . Implementa t ion  of Eq ( i f )  is possible , but i t  would

require two convolutions fo r’ each:  signal ; the  results would only apply

to a specific ease , and tote t e r r a in  p:ir~uneters woulu have to be mode led

in great dct:i 1. One way to solve t h i s  general problem is to use Fast

Fourier Transform t o c i t u  pies • and in t p  g ui :t t t t  t h e  p r obl em on a a i~ i t..al .

‘sr npu te r , but t h i s  ~t t beyond t u e  scope 01’ th in  o t ’ t ’ort .  .
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Specialized Distortion ~~ta1ysis

The general problem can be solved, but the solution requires an

extensive numerical analysis , ana the solutions are very soecialized.

Therefore some simp lif ications and idealizations are necessary to make

the problem more tractable and to provide some useful results. Probably ,

the simplest idealization is to assume that the linear approximation is

valid. The outgrowth of this condition is that the phase modulated

range signal is narrowban d and this portion of the signal behaves as an

amplitude modulated signal. Thereby , the linear case is analogous to

having an input signal which is the product of two amplitude modulated

signals . The advantage of’ the linear case is that the distortion process

for amplitude modulation is analytically tractable and well understood.

The linear case can be implemented for the sensor by sufficiently

decreasing the fundamental frequency of modulation until the phase varia-

tion is less than 15°. Unfortunately , when the fundamental frequency is

decreased , the accuracy of the relative range decreases also. Another

consequence of the linear approximation which also applies to the

general problem is that at the center frequency of the output , where n 0 ,

the reflectivity term is decoupled from the range term. This reflectivity

term coul d be separately detected and used to separate the reflectivity

dependence from the input or output of the spatial filter.

Two methods are presented for removing the reflectance dependence.

One method decouples the reflectivity at the input , while the second scheme

decouples the reflectivity term at tue output .

1. Decoupling the reflectivity term at the input to the spatial

filter can be imniemented by using a two beam scanner where the first bean



re f lect  i v I ty  s ig n a l  . t he  re t ’ i p roe :d of t to  r’e f lee t  i v i  ty -s 1 gui ; :  I is hiS ci

to amp l i t u de  rnodulci  to - t ie s -e~ it s  be cc ;; wi t ichi ft 1 ow:; u i r’ce t . 11 ha-i:  m d  ‘itt

first beam . t l ;U t ;  • th e :‘e f l e e t  i vi ty ciepeudence is nearly rclsscv -d c u t s

only the phias ’ mositi:tto-d r’.’utge si Ou t : :  1 i t ;  fi itere -d. Th is inc thtod is -

sive to imp lement b ccn ; i t ;c  o t ’ t he  : tddi  t isnul  qu l  pine ut  re~Iu I i a -h  , but  t .iit

outpu t  stgiictl is c imp i t t  ly  de cou p l e d  t’i’om t h e  re l’le ct i v ity

• 2. Secoup 1. lug  thit ’ r~ 1’ b e t  iv i ty c i t  the  o u t p u t  can be to corn ! i S

by using a i.e . t’ e e ’ c i v e r  ;ci . ’k~~t’t’ and dividing t h e ’ cie ~~’t - u ; d t ncy o t ’ t tii.c

signal out o 1’ the  - xi c t  lug t;i guts I . h1owcv~ r’ , the  Pt ’ L S out ’ 5cr i o 0cc c o u t o  i ~h~

t ’ r a t i on , the ii s to r t  l o t  to anus w i l l  cc t i l l  he r~ ‘ ;e r t t even t b t o u ~ :t t i e

re t’leot i vi ty ic - re endeuce li st: ;  been l’eflioVed . Pheese U I:; t i t .  ion I ‘a;:; c O l ~1

c:tUsts et ’rors ci tue  de tect ed  t e r ra in  t ’ c L l t g t ’ c ;

ci ta’ two ot.tue a spec iaii ~od case ’:; w h i ch  cu’c ‘ot t o i dL -rauly s i cc; ’ I~~:

to analyse , ceut :;  t au t  range c L u t O  cii:: ; t c in t  ret’ 1 oCt.  i V i  ty . I’hIe .‘oui : , tan t ~‘ c 1 : 1; ’o

case is it little p r ’ac t i cs t i  cout s e ’ l l h ulce ; bu t  i t  1~’0:; i l l ust r at e  :i p:tx’tic—

ular case , t ruc t e - ly  , the  to w ; ’s i eo  flit -i’ lug ot’ c u t  :t r s i p  1 1 tus e  s ;ouu i c t t t ’~~ s I g u ; c t l

whe re the d i st . e u ’ t  10;: b d i ’ O c ~~S~~ is  wel l  u i i s - i ’ o u . o i .  ~;: it , ’ cc ;t ;e  i i  c e t o t .  nt .

rer ’ lect iv i ty  , itt  is now i’ -::s o n s i i t i e  t~~ a 0 0 0 n u u ’L i c ;t i  at uuiu: iericctl ‘in c :lvc ;i: ; it

the dis tort  i ci: becaue~ - toe I U P U L  to’ ri’s: U :s i. tn:.il i :; ci t. p ie  t i_v a u ’ uasc e

modulated s i gn a l , and t h e  r e : s u t l t i u : g  t u t u  I V : ;  I:; i s  mu ’:u ccc: ; I or ’ . I F :; ng th i s ;

assump tion c t ’ constant .  ret ’l~- c t  i v i  ty  * t h ’  rau :e cii otot ’t ia: W It 1 Ice s’ ‘u ~’ c o d

and cornpute~i

Range th i: ; t~~ u ’ t ,  ion  I , t e l  I H u g

‘rhe his tort. ion ~ 1’ t i t ’ u’ Ln~~c ’ S I u s :  I ott:: I ; . - ‘us; I by mode leit • and

ruuneri es t i  a - c ut t •; ‘ cii: :5 obt tti:o- t t :y  lossu tni;: t h at  t i e  r e f l e c t  h i l t v

‘o t i s  tc tt: I c u t s  t : u ; : t  c i -  I er r ’  i it; i’c :u i ,~ ‘ e ’ s L , i  be c c  i -  l et  tI :1 L ’ e ’ P t  oh ~
‘ i t ~ ‘1 jo l t.

l’l~~ u n e se l i : : ; ’ ii i -  ‘. -i’u’’: i: i a’ ‘ 1e ’OtkV j t~’ IS ‘I ct ’U :ct ,c iuit i.s v i i  i i  :‘oc-
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slowly vary ing i’efLectivity or when the  reflectivity dependence is

removed as previously i Liustr~~t c d.  The j sc r iodic  f u n c t i o n  i’epresertt-a—

tion of’ r (x )  is an appror r i at e  t ’orn siri :;oi: to  the real terrain over sh ort

distances along t h e  x— : L-d. S which could include up to several beaunwidths .

Actual cstlculaticous ot ’ the  distortion to  the range signal will include

additional :Ls -sump t 101:5 in order to simpli fy  the n umeric al analysis .

Fourier Series h - ; ; ’ . ;t - : ; t c t t  i t :  of  t h e  Ph as e . 1 , ’~~u i sj t ed  Periodic P c i : : ’
Func t i ci:

A periodic t’unction which is phase n .ouuiated can be r epre sented  as

a product of Bessel Fourier Series. The terrain range which  is assumed

to be a periodic function has a Fourier Series representat ion ,

+j2~ f. 2~ .

* where the at ’s are th e complex l’ourier coetficients ,

and 
~k is the fun dsunental spatial frequency of the range f un c t ion .  ?Ito

phase modulated i’auige function can be expresseu as follows U si ng  t l l~
:

trigonometric representation ot’ ct complex exponential :

+j~~~~rnr(x) ~~ i rntt~~~
’

st~ex;’Hj2 t’~~ x]
e c = e ~~~ c (l3a)

.14lTnfmr(x) L4’fl~~ f . -
e ‘ c = ~~~~ eXp [+j  c 

m a~~t c o s  J nt ’~~~x + isin fni ’
~~ x)] ti~ h)

Using the Bessel function identities of a complex exponen t ia l  w i t i i  a sine

or cosine argument , the ri ght side Ct’ E~q (l3b ) can be rewritten as an

infinite product ol Bessel Series as shown in ~~ (l i ), where a , 0 l s t ’ ;

tHlil f m r ( x )  . 1 ( f u i f ,  ~ix +
C = Q~~~ el~~~~

1 + j
dl ) J (  1

n15
1 
)e~~ 

‘ 

(lit)

For ex unple , i f  I ti rsui~
-e I ’3 st s lug b e S i l tU S O i d  * W t e -  ta’ r( x ) = :‘ sin( ~

then it :; tlc ’.SSt ’ F t t i r t ~~r Lce ’V1 e5  r’ e ’b c r c ’t c t U t , c i t  1011 is

I

f t.)
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i trT ~~rmrms i n ( f n t ’r x )  
= _0~Jq(~~~~~~~m)e (15)

~~ (
b
~ nt lnrm) 

~-s -; aceu by ~ ~w t i i  c ’hi  is  u:-ually is.te:’;r~’t - i  is ti: - .:tid u—

latio n index )  * it 1 ( 15) ‘cut be row :’ it tell is ci t’ t 5LL , pit: ; si it t ;ss c t~”. I t a t i ’v

i n f i n i t e  ser i es  ci’ the t’ol iuw in g  fe r ns

e+j
~~5in1P~~

f t~x 
= + f[J t~)’dc:; ’~ (~~1

’1.)x + J i~(b )t ’o:; f~~(It 1’
1~)x 

+ . . . J

+ 2j [J 1(~~) ’s i n f n t ’1.x + J~~(c ) s i i :  ‘ n (  o
r
)x + I (u ~)

This  for’;;: ci’ the phase tcsiui:itt tea i ’ ’ulg e .; i g:: i i  ‘un he e ’tS I ly u o d  to

evaluate , by ric o::; of  :iw :tericc:i : t u : i : y c ; : _ ;  , t oe ci citial t i l t - t i : : ,, ii :;tc l’—

t ion .

Ueris~~r’ L i i  :s t ,o r t l o u t  I - P h -  I i : :  5’ t’ ~ I :c;i :ce i i . ‘ i ; ; ’ T : c :  UI

For ease o t’ eom i’Ut:tt loll , t i c ’ 1e I’ ; ’:i s r i  a c t  ,~ ‘ •s t  : t : c t i  I : ;  :t:;~;urnte d to  b~ ’

a single t’re 1 sLcu:c ~ i ’O i ’  I sil ’ s ilt ; : : ;  t t L  U o t ’ I :  to t’-S : rc :’ 1. x ) = a s  in ( ~

where r is th e l ’ e c t i ~ sun,’ Li Ludi ’ r ;w a -  v ii’ u c i t i in mi d 1’ is Isa- :; ~at isil51 . 1•

t’requency of toe  I c r : ’ :; I ; :  t ’ ; i ngc ’ Lilatit . .~~~e :,: ‘ ‘ ‘ ‘ :S 01 i s  t ’u’ t . ieu t l ~

coi:s ide t ’ - J  in t~~~- at .oe ’l i t t , o :‘ 1 .  r :u lg t - . - t ’ ; ’  0:’  to t’ i s: - I :150:’ L i n t ’ 00 : 1:

sensor. Besides til~~toi’t  l i t  be 1;: , , - c i o ’o ’ l  U c  I : ; ’ :c c c i t  j c i l f i l l  e i ’ L t ; O ,  t : t - r ~

will be son:~’ :.‘u:g ’ er ’r or  i:teiaced 1’y t I ; ’  iat ’ c ’:’l Vt ’ I’ t i ’  i ste w i l s t  ii: t i e  ti c; :;, ’

~o.’ tced Loop ([‘Lb) c I r’c nit wit! chi is u s c  to  t . i’ st c k I i i  ‘sac ; 0’ t ile 1~ t c’Ott ’l

s igrial . The two his tort ion pia ‘ee:UU’.’. cm’ iudep -i u ieu I. stud c ’c : ’ I: :;; t ~i :  t

~ ithi the i’sutge s ignstl d c i  i i  lust .  r c t t  ‘ 1  i i i  i l  g t : i ’ c • Phi . ie ’i  t ’O t  ‘i’ itt ,’ l Ot j5 ;

stSti WUèci to be w i iebc;ud in ‘i’ tle l’ t o’ iced I t u e ’ j’lUlSe v s tr i t u : c e  it  t o e

o u tpu t , stud is us:oI’ l~-~ i is sua’wu; iii Fi ,::;a~ ~~~. P i t e ~ 1 n4 ’ o u ’ t  cu it i’ c .Ui I I

s - l a u ’ ’ -1 1st 1 . 1 :  i t  t ; t , - p u t s , - v i  i t ; ; : ’ ’  i s ; c t i L : t i  I . e I , .5NP , w u tt~i~c . t tR  i s  s

~~1P in th e ’ t ’ Ios;ed l ’ ’ ~’ ‘I ’ I . : , ’ P I P , l, Pe ’ ~: L ’ ~~~. ~ l ; I ;  is n ot  t~~’ so

. ‘ ‘s : E ’L15e ’d w I c i  I lie : ‘ : t c . t w i t i  1 5 01’ I h~’ S . ; ’  :1 : I t  I ~‘ a .  ) ~~ S c ;. , ’ at u ’ ; ::. ‘,
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Receiver Phase

Noise Referenc e

Fig. 8. Range Distortion Processes for the Laser Line
Scanning Sensor

~~,\ 
(~1hite Noise with zero mean

• fl~~j ’  and Power Spec tral Density

• 

I H ~:tor

- 

I\~Q B~ 1 Phase Reference
— _ _ _ _  —

A ,2 SP~R (Ref 3:15—18)

Fig. 9. Phase Variance in the PLL

can be directly related to the range variance by using the relation ,

14’linf r -m • Thus , the range variance can be expressE ’-d as foilows :

= (
~~~~~m

)2 (~~~) (Ref 3:15—16) (17)

For the model of the phase variance of the PLL in the receiver , it i~

assumed that the PLL is operating in its linear region ;~i’iic h imp lies

that the phase variance must be below a certain ti:c’~ sLiold . Tppically ,

this threshold is chosen to be .25 (Re t’ ~:i6—17), or that the closed

22



loop S~ i~ 01’ the dot e st e s  si dr t a i  :: out  b e ’ greatci’ titan four . Fi’or: t r i o

mode l of the range crroi’ caUsed by t h t i  i’oc~’iV cr ::o i sc in the PUt., i t is

apparent t’t’cm attic reciprocal relation L: :  i’ igslrt - ‘~~ that as t : c’. ~~~

increases , the range error’ dcci’esis ,- ,; . From h i  ( L ’( ) , it is c i ~ l ari at tOc:t

as the modulation frequency 01’ the id t t ;e  a is ins 1’e:it ’ c.- U , t ti e ran , ~e eVi’ol’

decreases.

Using the constant : ‘ cf lcct lv i ty  c ios ws t l c t i on  and t~t - t t i r l g  r (x) e tu s l i

to a s inusoid , isle sc a t  i s i l  filter model cc;:: be r e pr e sen t e d  as in Fiour o

10. if the bessel Series r’o- preseittatio;: et’ ‘aj t,i’c) is used anu b(x) is

~~ 
r~ sin(a11tx~ 

H b(x) s(x)

Fi g. lb . diuig ~ e d i i : u~ o is RaII L ’e l::c’ot

ion roxjut:i ~‘ 33 5t5 ideal low pass filter , trier : the outs-st can he e’;sidy

represented in term s ot ’ t h e  Bessel do ri es  i n p u t  as show ::  in  Figure ii ,

where N equals toe  l’ui’gest in teger  p o r t i on  o t ’ th~i b andw idth i  of the  spa t ial

filter diviced by the t’requeney of  a t t i c  s i :iu so ida l i’angc v a r i a tI on .  t’he

approximation of b(  x) is an Ice-il I~~;t si :~:; t ’i 1 ter  is a reason able

si mph t’ie s t ti on  s l u i ce the beam i : i a t o u c s  I t ,~ I’unct iout 15 typicsil ly .I : t U t O i 5 i l l

- . s;i n f s i ’x . - , - ,~ - ,‘ -p c i  which i s  coemn su’’tD be to the , I s.d ~~‘u: 55’ .0 I t s  t L l : ~ .010
111

Tne ou t p u t  ci’ I. ; ;  .1 5 1 1 isil filter’ is a L’t s ;L t. e dec;sei dories ~i ;i ci; is

‘as i 1.y :i -; ”~i’-; at d in  t o  re al ‘tO il i ts: t~~i sis try ~r’ t:; Icy :15 in ‘, t h e  besse l

c’S l’& ’5 O~’ .;’ ’l its:t I Ot t Of  ~ lit)). Pi:t ’ cut. S t I s i . t c ’ 05111 Ia’ t ’X S i’ e ’ O O c ’d :;: 
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~~~~~~~~~~~~
i-liter f 3 N
b(x)

N Inte~ er por tion of 1/(Xf r)X -Beam ~ipot size f -spatial frequency of ranger varia t ion
Fig. 11. Outcut Repx’esentation of tue  doat isi l  Fil t~~:’

the following ferri s

— —l1 imaginary terms of Bsosel i3e:’ies tE’i ( l u ) 1,
~~ — t an ~ , . 110real terms 01 he SSOl  ~cer ~ es H i  110) 1

This express3io:l Ito’ t u e  o u t p u t  pu :s ’se of  the spsctial filter’ is used to

compute tu e pause sru’ r 0~,r s u b t r a c t i n g  tue o u t p u t  pul:tso i;~on: th e  i::put

phase; however , the  pnase error chsui~~es c ioce rd ing  to tile Vstiuo 0:’ x. A

measure of tue pi:ase distortion wnieh accounts 101’ t he se  ch anges Is the

integ rated me an squared phase cor e r  w ’n ich is the phas e - i’ :’. r squared and

averaged over the period ot’ the sinusoid r’cirsge input , ze ro  t o  .2 1i . dq 1’) )

is the expression t ’or the integrated mean sl ; :;r ~- ti phase error . The

comp uted phase eri ’or’ .cs sire limited to Mod .~~~~ to coi’respo:tu to the i’elative

pitsise mestsurement by the sensor. The me an squared r’an~’:e error is computed

= ~ - 
~(
x))2dx (lo)

- . ~~~~~~~~~~~ 2 . -dii id~~r :~ : to ice t i  cs iu : i : ’ s pb:s ;~ e ’ er r or , ~~~ , •) . ~~~i ~ ~~~~~~~~~~~~~~~~~~~~~~
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- , then the resul t  is ~~~~~~
- (~ c ~~ , wit ore  r~ is the mean

squared t’cctge e r r o r .  this is ci conven ient  1’crm for  analyzing  t t ie

disto rt ion because  t I n c o r p o r c ;t  Os; t . t iO  ma2~iIiUIc: su:tp hi  t oWs van sit louts

the range . From this ciscussiost of spatlsri f i l t  e ’1’i5l ~~, i t  shou ld  he ’ ::oLes

that  as th i s  f requency ci’ ts :odcdct t  L o u t  l i i e’l’Cst5eOS , So does t I ; t ’ l’angt,’ disto:’—

t ion error beoauoe’ t : l e ’ p t t s t s e  er l’ot’ Increases  when  the al’gument of the

Bess el Funet 101153 1:: F q ( ic~ ) iu l c i’ e ase

‘2he total mccci sqUst;’ee: er ror  ~.s computed  by asJ ,i rig t a t  dis t. or’ t i o n

from the PUU cro I c i i ’ :c O c it ic ti filtering. F’or low t’re~lc n ’nc I. es o ;‘ incUs tI, ion: ,

the total eiistcrti oni error is sonilnated by t h e  r ece ive r  noise distortion

process , wh ile sit nigh frequencies ot ’ :nc~i-i~ c ;u i o n l  t r i o  t o t a l  d i s tor t i on  is

dominated by the  spat ia l  f i l t e r  d ist o r t i o n  n t’ocess. dornowi te r e  in ‘L’etwee il .

there is a fre’uueue’y or’ m odulation where the range distot’tio:i is cciui iss:sil

i .e . ,  optimum modulation frequency .

One other r o in t  wt -iioh: needs to be addresses is th a t . the S?tI~ d~-oercss

en the bandwidth os ’ the FL~~. Fo:’ coucc pc t l ’c ;t . ive  d is  toot iou:  c c i l c t t l ’ ; t  I ’:i c s

is assumed tu c i t the closed loop banuwi d tb  ol ’ t h e  PUL e l u s i l s  t h e  is s iraiw I ot  si

of the spatial f i l t e r .  fh ereby . the spatial filter i susowidt i t  v a r i e s

according to the becun spot  i so , and it is : iocesc l s .i r’y to normal ise  tc ie ’

?LL range var iance wh io :i  is given in Eq (1’) by :nolI, i’ot.y ing it by N

(N = l/ (x r f l,  ~:ter ’ d i f f e r ent  N ’ s relate to ~liI’ferer:t leesurc c - s o t  si s es .

This riormali  :od d~ i~ w i ll be uesi :ius t t e ’u  by .~Nd

‘bis to at i on  Co: c :s ’ ,t t c : 1  I ~‘:i5 tc ; ’t sa ’5 i t . i I 5

Distot’t icr; i’es t i c  to w ‘i.e evc~ J. c:s;te’d Lt~ to l i d  isS’ 5 L a s s O  L dct s r’ ct sO’:e ’

model. Ac I act  1 o - t ic  u I  at. I ouss wo ;‘‘ ‘ ‘i -c :: c it e s  or; ci  d l oz i c  ~‘ or:p tm c i ’ , and

t o e  Be,;~ e.L P , i c ’S  ion. ;  ~~- i ’ .’ cci i O t i l c I t  o.i 1ev . L l 5 ~~ s~ -I ~ni) s t i r  u ’ - ’:.1.ir:e d c i i  I c :  

- -~—~~~= 
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BESJ. A brief list Ct ’ the assumrt i or is  used for n:sik l ag  the si s t or t i on t

computat Lens sire as ‘ 1.1 OWs3

1. The temt’ox’al seculsie a n:oJulctt i~ n is neniedic stud only Li s i m lg lo

harmonic is O l ’O c e c S s o J  by tile receiver.

.1. -rhe t e r r s i i r c  r e f l ec t i v it y  Is c o n s t s u ~t ever so v -ra l  r usty ~st h s  05 ’

its derendenoy ti c is been removes from the input i fu LL1 el’ t : ’,e’ S ~‘:ct  I

filter.

3. Tile t e r rain  r scige v c i r i c t t i on  is model ed oct ct c~t : ;g,Le s i c c o s o i s .

14 . The bears t~ux1ctio:i , r ( x )  , Is modeles as sr -n ISeOLI ‘w n ct so  :‘i lte O .

5. The detector’ noise i -s w L U e o a n r .

6. The FLU is o p e rat i n g  in the lities.tr i ’egto m i .

7. The ioop bcrnuwistit of t u e  PUt is equal to tOe s u c t l c i i  t’iiter

ban dwid th .

The numberiocil integration of is~q (li)) is implemented by usin:o ff00 inter-

vals of’ integration . For convenience , t h i ~’ d i s t o r t i on s  cct ta  is presen ted

as plet-s of —i--c’ versus ~ (the phase modulation index) , witos ’ e ~ is e.luc;t

to (~~
11n mrm) . I:: sill c:;Ses cou i s ldo res , on ly toe first ; ;su’mculie  ou ’ t he

perio~~c signal is precossed ry at t ic  r ece iver  ( i . e . , 11 = 1); si ns i:enc~~foi ’ t . : ,

n will be sropaeii fi’om the expressions of ~~~. Figures l,—ic~ are the plots

~~of —‘--—s- versus ~ fo r  compar isons  o f  di t’t’srerst O2c1 ~:: spo t s iZ e S  ( N  us
rm

related to f aiss axis for various bNi ~ ‘ s and w i ll  ice S I S O u S S e S
r ::or’ni

later. The absolute dNI~ is related to tice normalized cTNU ny the following

emcpress ion :

SNR = dN R — ii) leg N ( g o )
abs norm

unere SNR is t h e  au soiu te  Ji’~R.  The Diots ci’ the range distort. I ‘n data

osin be sire n l i e - i  I.e d i ; t  i r t  c’u c a lc u l a ti on s  u r t e n  t i s ’  j o t ’; runs ’~ i , ;t  c ; ‘f  t h e
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PLL e ’x c e t c i:c I. a’ Li c i i lct w 1 It h~ c t ’ t lie ’ spatial filter by us i rig’ the expi’ ‘ c c l i  col t

in Eq (00 ) . j’itesL iiic tur t . con results can not be 1 1 5 1  led if tire loop

bandwid th  is Less ;  than  th e sp a tia l  f i lt e r  bandwidth sic; there will ia

add i t ional d i . s to t ’ t .  ion cc iu sod  by the PLL whic h sic t.s is 51 low p siss ;  i i  later.

The curve a ~liow lots ~c t ’ the rio ama Li .sed me - 1S t — s jU 5tt’ e J i’St 1(0 c i t  st ’  i’ at ion

error ve rs us ~ for’ N = I , ~, 5, 7, and ) • T u e  even values en ’ N have been

deleted t’rem t c i e ~ I - c t  cc so that the curves tiC siot become c l u t t e red ,

howeve r , the results t’all in between the odd v a l u e s ol ’ N  s i -s ox;’ -ctoo .

For vi~~ues ct  N less than Site ’ t h e outnut ;eh;sics ~~‘ is ce no and , t too , at l ie

sensor cannot resolve any ob 5 oct s; smaller than c - l i e  b ec ur iwi ot l i .  Als- .> , t i e

value ot’ N is always an ~~ tege r , and it’ the comp ut e d  v st i  l i t ’ or ’ N (u ’
is not an intege r, the t’ract i o i t st i  port t or i  is t r u n c a t e d .  i’hie i’ ectci e a

should be reminded that the data in the I C I C t S  is in  t e rms  or’ relat L

range erro r , rio t absolute range error’.

The d i s to r t ion  dstt s i wh i ch is I ’lot t ec l  t
’
Ot’ V s c i ’ i C I I t 5  .‘i ‘S 111.5 ~~~~ ‘

t iC t’r c t

shows some distinct t ~~~~ between t a o  :Sc ’ t l S c C r  c h i c !  to anal u ~~~c r-L t s c c ’ - i’s ‘ c r c - i

toe rc.ulge distortion err-or. i i i  c inla i ycsi ct 1 : t h e  o l d  or’; lout O c i t  c i  1’ ‘~ i i i

always be f iX e d  tr iO c ’ i l c i i t f t l c d  in ~ w i l l . r’c I -i’ -o -ot c ’c t :itifcoc i t t  t i t O  t i ’ C ’, i i . C i i c.\

of  modulat ion , r’ . In -i i  i t liec;~’ cii ri’es • at c i e  I i i  ~ ot’ t r io  ~cL ru ~-a ir~ -r 5c

of t for Large  ~ and ansi [1 N ’ s r ’o c - t u c n. - t i le ’ t / ~~
’
~~ t l o i ’ t t i c c  i j  — s~~ t~ ’ r :ts is

dominan t , not  bec ’ c t i t . ; t ’ t lie  ~ bs~’ l on e  i’ c u i f o  di S , r t i ~~S i  e ’ c’ inoi ’  1 cS O t t  555 0

srs;srl lii’. As i L i  u st a. i te~1 Lii ti lt ’ t. L i  l on ’ t tc ’cO ~ ~‘5i t ’Vc  cs  • ce t’ . u ~~ ~l i c ;

t ion e t’rc’ i’ clOt.’cS scit , lLrs I ate b e c - t i t s ~’ the’ p ;;st_ ;c r’;’ - i’ is L I : c  t c’i t 0 I N S  .‘TT

As previously si’c ’c h l O t’.oc i , titex’ c ’ 5 5  5111 c ’r t  i is c ius ~ ot’ - ’i’ - tt 15 c c ’: VItA ..~ - ~‘t ’ h ,

i s  i n t o  r ;e at - t. c ’c . i .0 t h e ’ ~ t’ I I co.n tc 5 1 ’ ’ ~ c t ’c ;c ’y c - I ’ 5 : 1- - n - i  I I ’ I ‘u t  , . h ie  ‘ : ‘ ‘ t t - ’ - c ~~ - - 
~
‘r.

di at or’t I e~c i s ;  s c t i  i i  mci I . ‘ ‘ - c r ’ ~,‘ S e c c i l i p  1 ’  , I f  to ’’ I ~~c ‘~ 5’ I ; to ca Stf ln i s ; ’

i s  ‘i s l e t !  ;‘, — r ’ ma c :’ I s p —  s c  - c I t ~1 c - rn ’ tO ss :‘s’ ~~~ ‘ _ - .. n ’ . ’’ ~‘ : _ : - I s ,   ‘s — - u ’ .. -: _ ~ N 
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of modulation could be specificulty cis ooen t so- that the  minlirrutni disats;’t ion

ot’ the range signal occurs; for tha t  t ar ge t  profile . The miriilflwtl di.;t-.i ’ —

t ion point decreases as the signal to ilOiSC ratio isl5’i’oasos .  ‘ t i n ’  v s i t u e

of ~ for the minimum distortion p oint  als ’o decreases is the ,i (N O ;h ic ; ’ e c t s -o-s.

For larger vs. I ues o t ’ N ( larger spa L i  at b andwiut  its ) , th e ml isi .m sntc Ois toi’—

tion point is at Lctr ’ge r  values of ~ or higher f .  Based cii t h i s  ar ic i ly s; i s

of the cu rve t rends , it is desirable to mcinipulate the modulsitiori frequency

so that the sensor’ iS Opel’sitii;g cit ttle ifliniItium dis t ort  i - S I t  p oi n t .

The question arises sts to how these plots cos t be Used to determine

di s t o r t i o n  for  a s pe c i f i c set  01’ parameters . h is determined bit computing

l4l T f r-m L i ), whe re r is the peak amplitude height  vai’ iat ion ol ’ th e t e r r a in

range p r o f i l e, and f ,,1 is the frequency or ’ modul sit ion  ot ’ t he  laser . N is

calculated by d iv id ing  t lt e  spa t ial  ban dwid th  of the bears , l/X , by the

spatial frequency of t h e ’ te r ra in , I’ . The number of harmonics sit, the

output of t u e  s p i t  lal fi l t e r , N , mus t be an in te~~er .  If t;tc’ absolute -Nih

is rcut ’ s.s ur ed , at i con  sq ( fi t) nrius t be tiso~i C osile UI site t I e  I3NR tO USe
lIt,) I’ c55

t h e  apr  r’or r’ L : i t c ;  fl ti Zt’ t ’ . \ J c i cc cp Lt ’ cs t lculat  i on follows

si c tnnp le Calcuistat lou t

Given: Beam Spot  Sic ce  I”requency of Modulatjou 
-. -

= to cm I’ = 100 ~U ic 
op t tial

m Frequency ot
the  Range

- ‘ - - ‘ - Var ia t ion sMaximum tie t m i t .  v t a t  - i t  i c I t c ’; c - N 1 ~ = 00db- c i D c ~ Il ii i 1’
m cycles - us c

: ~~~~ 

(t r :i  t LII L iIte ,~ t ‘~ i l i  ) =

= ~~~~ + ii L - ~- 0
S i ’ ’ 1’Sc’ . 1. 1 . 1

=

— - ‘ ~~~~~~~..
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To f i n d  ~~~ , Figure 17 iii used stud the cur’ve i’cr N = 5 w i t h  = 14 • I c ) .

r

e _14
0 X 10

m

—5- ... i~r~~~~~8xlu ) m

03 m (or about ~ d i s t o r t i o n  of t u e  r’e:ik asinige suiip l it .udt ’
variat ion;)

The terrain pa~’:u:;ete r’s f and i~ can be interpreted sto the c;~ -c ’. at

frequency and the peak amp titude varicit t nis o t’ t h e  t o n  rs t i s i  s ’: t t t( ’e r’i’O I’i I c ,

respectively . i”or irlsts i.nce , if the  pr oc f i l e  01 SUI ci;ttonco l ie  w- sts  r o l r s 1 ’

mapped , the peak stmpli tudc varisit ion t h a t  would be ,lec; I i ’:ib It,’ t o I I coo’ no

woul d be approximately I. Sm and the rnaxirsiwn o p s i t i c t i  fl’~’ lUc ’u t c Y I is i t \~~-

be desirable to di  see ar t would Ice Ic) eve l eo / s n  en ’ a n’sin~~’ v sir i  :11. 1 on w s t - i c  c c

period of 10 cm. T h i s  is the  t yp e  of iu ter ; ’ i’et  c ;t .  los; used t c l e c c e r i l i e

the p a r t i c u l a r  t- si age I 0!’ rstnnge 0 i’0 1’ L i t  - ‘ i ”  lSl l t ’ i t ’

As it is desirable to ~‘r~’ rstt, 0 W i LI I  tSii ni i sti t ts ;  s t e  is. 011 , S. - c~’ co tS , .

frequency o t’ ssr edu,Lsit~~oni is plotted Lost inst (i ~’ li c ~ i ’tt t5l.I  I .00 5 tO’t 1 to

ratio in Figure 1’) t’oc r = irs. This s log le r i o t  W t t t ;  0110 \ S c O t ’ 1 0 1  5

is sur’ficienit t o c~ dCt3 C r ’ib ln g  the nelsit  j ell  ~ :
‘ sil l o t - l l o I ’  I’ ‘ c c

the curve s caies; fo- 1’ 01 lie a V at  t i c ’ ci i ’ n’~, icy c s.’ sd 0 t ~‘1’ n’ ‘ t j 5

swi ’ai ’ent fi ’ t ’ii; t l i t ,’ t - n ’ t ’v ’ cit s  I’ l O t . c i  W i l e ’ i’ e.’ t h e  ‘ c t  i 55151:  ss oss. I c i t  jon ‘u’ -

is determined by tstk I n the vi  Lao ‘ii ’ ~ ci t t I e ’ ‘i ac t  t di i s  I :nusn 01’ t h e  0

and d i v id ir i c ’: t h e ’ value ot’ ~ by (~~~~5ii~ , mci clO t 1110 t hot f IS s” - i  l eo  Lw

/ r’ . t’iu ’ ut ’~’o a I in t l  I on I lie c ’S’ I I ; ss lsdi  ; t i o c i ’ e  I t .  1 ‘ cs  5 ’ ;’ c t t O S i c ’V SI ’ . 
-
. “ y

hu ~ in  I~’ igur:’ i- i is I i’~ t ’ c ’ cu~~I ’ ,~ s c c ; - - I ‘ ct’ ,tc ’.; C v ’ u c  -t~’s - “
‘ ~ a S c  ~‘ ; i  i~ - - s’ ‘ ~~~

I_ ni a t : s c ’ ni csi ~ten i~t - t t, ’ h l C t i 5 i L I c ’Ii i , s i ’ ’t i t , ’ ci L I . c ’ ’’t  ‘c - ’t i S ’ V ’  ‘ - s
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Some uddi. t I Ou st I di .5 tuz’t j 011 os iJ  ~
‘ is lc t  t i  c~ I t S  fo  ‘OOi’ t ’ sj’eci 1’i-c ~- 1’u cu o

and sensor l’sircu :cc -t -rs a l’t’ s’t’c’senttou i i i  0 t h  Le I .  In i s ib l e  1 , v ;ii’ious

sen sor and t 5 - t’r ’i 1:1 o c t  L’ suslc  at e i’s ; c t v t  b~’~’nt var ied , 5 e t t c l  the  1’Oc ,’ t SIte SL’S .~~jci

range di sat oat. jim o1’r~ - I’ i i c i c s  t e en  c ’OiS5 ~ ’ iit~ sI t t\’lis t Is.’ I’ rot V i  oii s c tin yes .
resulting 1’ ’ i st t t e  c si s t s r t  jon cs i’I’Or is ci :1 .s~’st b l c -  I’ t,’t’ s’c s t t t 5 i c t e  c i ,’ r in ;ill- — - ru t

OsLsSes ; t hue , I lie hi , ;  to  t’t I SI t  5 ’ i O ’ S O s i s seve ’ 1’t,’ Lv I i  5551 to tilt ,’ t ’ d i l i ; t t, ’ cOS t,’ i i l ’ d tcs.’

Ot  the SClis3 O i’ t ’s ’” I O s ’Sc ’ octal i~’ul sir ~tsi5es3 . ist ‘I’cibls ’ I, i,f Ocica,’ I iS

c~’1sIpctr’t,-d t o  ~
‘ d i , d 0 0 , S. s t e s - i t t  a t  fs’-’gu~-ntcy Is ennal Icr 1-a l’ 005 Sd - ‘ cLO d t h e

resulting rrss n ’si ls 5o c s l s t, ’r tj .  i t  error icS ,cms~Ii~’r. I t ’ case 1 i-s cs ’:scpcu’ c’~s

to case ~~~, W t I S I ’ c ’ r~ l s ’ 1 iL’ 5e ’ . il l  OsLO - 3, I t s ’ runs rsulge cils tots. ion en’ s’ ‘a

is ten time s Large a in Sct se  3. A s~’nts ~’s t t ’ i  so n t e :‘ 5’ase ~t and  case 5

illustrates t I t O  ~S Z t O ~ ’ I - ) 1’ dcc ro ‘as i sps I he besi.isi S O Ot  5 1S t ’. Ccts es; n — i  0 c m ’ e

cionks eX SUn t i ’  Los WIl~ ro ~d e, V e ’ asti ~~f tlit ’ to rrstint auid .i t,’! t, d O l’ 0 c i I ~sj stIct  en s  li c iVs ’

beeni varied at I tie scu:se time . ‘ s’:ihle 0 is a preseultatiori 01’ t o e  cS d L’Sic’

cases USe ’ sl in ‘stble I, but t~~i~ ’ ot’tiusiuzn m r ’ t~u ei t cy 01’ nnoduIat lot; ;ictc s beet .

o icked for the :5051st , ’ n~ i’,’ us 1 ng the  t, ’ur\’ecI p r oe4  n I t  oh iii  Fl gun’t,- 10.

c empar iu~g no root ssse:ius s .justred t’srnge 0 n ’rO n’ IS ;  ‘:i ’L -  l~ I c m nl t , 1  ‘ c i l e  le  .‘ , I o n ’

s;co-st ox ’ the oases t i io t’c are oi gn i f ic su ;t  dc ’c rc ’sisc s is ;  t h c c ’ i’ci:tge his st,~u~S. ion

error when th e on t i n:tuini modulsit ion t’rc ’ci tent cy ~l Si c ) ed. ~VOI1 s)0, I - c to n’sutge

di~ tortio’t till LXLLLLIS ~~ ot i in t ~~~,, 1 4 c. , arid ~~sSn

which means th at -t on: i i  Lot .  bes~~ss soot  s; 1 so w i l l  L’e ~ ‘ ie ~‘5s ~~ w s~y t - ‘ n - ‘ c O t c ’ -
the dj s to r ’ ti 5 ’sc itt ,’ i’ ir ts;o’n’ .

i t’ the oeno;ez’ is used in a f4 n’wc ir5i look s s g  c ’c ’ 5 i 1 ’1g11i’ c t t  s- sit .5 5,c~’w ;c S i

P1 gure 00 , t- hen I nc  c i i  s t~~ t’t i 011 50’ sim tO ~-ttLIt l’s’ e ’ X t sOt SOd to 0 V c ~l 1 iS. - ‘ t~

t ’ ’ i I ~~~ e ’ d i s t o r t  1.011 O t ’ ’S c ’t’ S S i S t I l t ’0 ‘A!s.’ll I ,~~ i ’ 50t d i t  ( ‘S i ,  I:- tls c’~i ct low ~~:‘i,’. i s :, -

I lot l i  a t t i c ’ lcc ’d l i s ,W t d I s c  s i sa l t , ; t s ’ l ’ ’ i S i . c , c ’ cir n s’ 1 s t  c t - O S  von’s. i l i s t S - ’- ~c ; 5 ~‘1i - is ’ ’-
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Fig. 20. Forward b ook ing  Cor~fi gu m’ii tion foi’ too dsieer
Terrain Mapping Sensoi’

(21) the expressions fo r  the new r and X are presented .

= X/sini a (bla )

r = — (r  sina)’ (olb)
In In

rh; is  is not a sc:ssc’:lete seoscri’~’t Lost  o:’ t sic 1’cr~sir a looking :oscr ’igursit - ions

as the 1’ii~ -
~~~ S’t inction would — ilso  have to be mod i f ied , but  i t  is n’es iSt ’; l—

‘mbs, e for  t ,_ tb t : i  ij , . g  resui s for  .iesign caicu.Lazlotis to ohecs. t h e  :‘o a s i a t ’ i l i a t y.

A sample cstic’s~ c mt ion t’or t s ;e  t’orward losc ’kintg cc s l I ’lgur s i t i c - t c  L’ollc-ws

Sample Calcul -i r .  ro ss  c’ s’ c- - :l’ws mr ci  L4c ’cs . i t tg  c,’ c ’ s t t  Lg’ t r : i t ., Ctni

Given:  .~1 = .15 ~s f = i . 25  ct~~ 0 ’ L O S ; S 1

I’ = 1 x I ci: , = ‘4 5’~.b
nn sib~r = . nn = ~~5

0
151

,Calculateu: X’ = . ‘~5 ~i x’’ = .‘c’ t” rut =

= ‘ 3I~h-I 05. - s b  ‘, s ’ :’S “ 0 c t or,~ - , 0’
1101’151 , - , -

b e t w e e n  : . i s .

= l.~ X Ic) ”s anu = . 0 ’ ” 
‘15 5,1 15)

— 
~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~o c



IV. t onl0 ’illei ,’:c.; ~ 5 5 ~~’. “c’ “Ss’ , ’ sc s ’ t t  5 0 ,

I i ie  basi s of t i t I~~ th e o r e t ie ct i  study was to artcliy :tc time spsv,ial

t’i lt e r i : t 5 - 5iistorL ion ei ’S’ects  oss 15c c SSCr ’s’ X ’t i c i ; S C i o  of lice loser lIfls ,’ sea! c .l: c .

sensor .  iorsC.’ s;’ec i:’i4 ’ di stortion rC’s’ulto wore n- m’ssenctcs wnm ich . ; s c c - *o’ .i Inc

interact to ss  be tween  t i l e  te;’raln c ha r a c t e r i st i cs  I I s s  tOe  s o n ec r  c 5 r c u : , , - t o n o c .

Pro:n this an alysis issi the s i i 5t o s~t i c l I  results , Je V c r’ :i i  .,~c t . i ’ ,L sisi s . ’

x’econnsen ssi t io: io  ecu ; be ssss,m~icc

‘hi stos-y sc -c0 os. ,~ I ts1 ci: c~ ic5 C5is!1’ L t i CS1  CS a otsi 0’iLC5,5,.,. ,’S,:.. c3 ’s. ’ - -

f ilt e r i n g  ::o0’ci . A,t: : ’t t ct s c s i t was ::sa~io to :s~~do I t oo ter l ’a i::  5 ’U ~ (c ’ ,L5 5~i

re f l e c ti vi t ~
- 

-~~~~ ~~~~~ is, ~~~~~~~~~ s:, i’r soccses . ‘iIj  s s:ooe,L of ts :e  t c r m ’ , L i n s

on-.i,,- served  t iti 5c ’ .c t 5 5~ i~ f i I t c o ’ i s i ; c o s s a i ~ sic by aoser~ binio t c : ~,’

flO di3t3 X’~~~’
O’1 .~~2)c t , a S C I S O L C U  C X . L ’ 5 l 5 1 ,~~t i O S .  of t t i c

e f :’
~~o t s  was nade to s~’:~ -r:s.~ c so w c o : m t  5 I55 , S . ” i1 f~ C ’,it1~~5.J w ere  s:ccc- , e s c m r ~’ t o sc is-,e

tie  . a~ y s i s  :o ’s’e t s’-~ e : : s s c L o .  ~-csccL;
’55c:~I~~, , two .4s’s 1’t,’S~~ii~~c~ o s ’ , ss~ ’acl,,- 4s .

I i : ; - ’ ’i s ’ I :at ion .  of t t c s  s’s5:o.~-c s : ~’5s.~icoSos s’s;st ’ 5~~~s ’fl50 ,c . 5 5 5  t c ~O c ic ij e

n-:- rs’cit n sm-os L si’.t ~‘sa’i’ile w s tc  ,‘ O S s s t :~~~t . 1st - 5,;ait i_ in: , a :ss~’- sc

receivers a.,, i5 ’5’ -~~Is ’d to :‘olsc - I ’ee , - 5 ’ ::,~‘4 c o : o o ~’: :‘~‘; ‘ ‘. he asei’

an a lyzed .

i5,ie next  st e s  SO tOSS ‘ c s , ~I 5  cs is Cs ,’ c ’ c’t  110 ,Sc ’5550 5115- S- c’ 5’ S,. l O I S

‘4511c_’st  ‘c~ O 5 ’ ’’ .50 :‘cc j, 151 ec’s’ _ : .5, c -g 1st4 ’ Is:us,s s’ac~ Loss L’ _ ’t~’.oc,c’I1 Iso es,’s:st,’t’ sOS

ICS’t’’li s ’. p_ i t’ st ,iSi _ St Ol’C -us4s  tist,-o a e :’t.’~-~’; o :t t ...,- s l o t s -m t i _ i s : .  Pl o t , t i t s  s-ass’s:

oS ’ S I c  .3s’ c m t l a l  :‘~~ t~ - s ’ ‘~~, i , ” ’ ’ 5  5’ ,’, ’ C t _ i5 , ’~ l t O  ‘ c - a s _i .~‘f ,,t t c i t~~’ -0’ S, 4 ’- t ’ l ’ c i l i i

c i ~ m s S : . t e m ~~ . , d t . i - , S : 5 : . , ,  se .I ’~- ’s. ~‘- t . c , ’: v - s ’ . ~~~
‘,t - ’’,j1’lO ‘5:5

0, ’ i L , c  31St ~, alt i~ ’;ss a ’ s ’ , c’~ ’ - , c ’ - c . ,~sc o l - ,s’ :‘ 
~~- ,,t ~s-~ : -.,~~. • -

~~~

5’ - Sis’’~ i ~~t 5 ’ 1- . t ’ l’t - ~
‘ 

• ‘55. ‘sV I 1- ’.’ .s’ . ,. t - - - c - ~’ ’  cit c sc “ ‘ c i t  ‘~~ ,. I s c e  0 ’ : sc c ’ • e a s ’ ~ f 

~~~~~~~~~~~ T. ’ . l _ i ’ ~~~~ - - - .- - - -- - ‘- — - - 
r’c~~~

’ _ i 0 0”
~~~~-



the ansi Irs; is . 1 i ~~t th e  :‘ r i  55t_l ~” tI c S ’  ,c c i c ’ S i  wi Sets ~~,s5 CUSSeS  , wa_ i Is- no eel

toe terrain st e cc l  , ‘l’ c’ I 50 15 ci ci i  Os- i s  51 5111501 S ~Ls1ci t~ S ass lCSc s ’ t h a t toe

r e f l e c t i v ity -~‘:~s ~‘cns - l s o o t 555’ 5 :s .ot 5 5.0 r e s o l V e_ i  s i s-r s± t  i~- c o - o l :ce s, cL’ e

modulated t e s’rsoi : .  s~~- i - dsS , :‘a_ i :’’_ . t ’ . 55s ’tI , 15 .15 pic c l _ i t’ 55,0ci ’~.S’ c5 L’ cS. 5,1 - , 5 . , c .,

filtered by an ls-w s.~oc f~~it c r  w s ,  s _ i c .  t’ c: ’” -_ icsate.: : i s 5 ’ e f’s’s,’~~~lj

toe  ss’at~ oi i :‘il: c’t’ I, :‘j s s i t o  La sits. s i z e ) .  In:  - o - s_ i1 t15-t i , O s : _ i S:.s,’!’ c i i .J~_ O ~~ t~~ _i5.

:~ r o c e c  S , es tesed  sip t :s e  a~’ss t .  V -, 5’ tO,’ 100 c s: s:o slass  Sc ;’ so_ i h i  op sir - i  el s’s

w,ts  so-soles. Jsi s . - s O,O, ’ :,~ , ‘ m i o t . ’c ’s, :5s:s 5 s ’ ,s, ’ ’ .,~~’ c: , t u e

-11z3 C1 ’t s_ is . e:’a_is’ .01_s ~~~~~~~~~~~~~ :‘t ’:’ ’,-o s ._ ’ . ._ c : e s ’r ,o l sc  coo s ser~os- c’ ~ an’ Lss cet ’s’ _-

‘o’.- : w -t s c’1’050sst 5 ’s .c_ i se t o s ’ 14’t_; . Os-nsa ’ _ isi-c _ i i s l e  ‘s i o t o s ’ t l o s s  _i,slc~~Icit 1_ il ls ;

were sIciss e . Fr_ is .  h I s ,’ 1’sl5S ~~0 d i s t or t  i~ ’:: er s’ s-si o r -~’ es otis. _ i ,c l s - , I ,Lst i dn c3

several t r e s s_ i c  is:  s o  da t a  wor e  o b o c s ’ o - , . -d I ve : :  t o e  :i:i,xlsscc,i’:s heipc:t

varia tion  of t s s e  t er r a is :  , S sore was sin s 5si51555.55 , t ’’~o~s ’a,”S ’’.~ s- f :scc0”s. c lt  1011

for the laser w~:ec’ -,’ t u e  range _ i i s ; t~’r 5 s _ i s -~ ~-a ros ’  w s L O  s s s i n;i n i s . o d.  Thi s

minimum ,listc:’t I on c-s-jut a-sos folIos 1_i’ be ,:ec’ c - n os_ i s ::  5o’_ i5s 1.10 .sIc S_t , Is is

s’s-t I I ‘U t h ’ ’~ue:s_ i~ s-f t h e  t o  rs’ctin , 5 .5-  - :‘s’ ;Ss , c s c ’l so , s e t _ i  S ste 5’,,c t Xisi 5,iSS,

:se j s Zh i t  vai’iat s-nc of S t;s,- tel’ t’ai ~~~~~~~~~ ‘c’ S iss,cess :’s’e n s , ’_, ’ o: ’ .‘o5 . t . .  105

s o _ i  reased. w’1 0 .  t h e  0~i~ ISis - CO 55_ i_ i , Otis th e  s” is.- t ’ ,1 I _ i t oat  i~’n: es’s’,’-’

‘c’~~i’t clcS 5’l’tS 51._ iCc!,. 111 SdU lt  1051 , ‘Oh_ - si ~~~~ ‘ s - s -ee 05’s-S Cl C,.’ ’ .OciO Cts’5_i~ s’ ,,~c . s - !’ S .  SO

‘s-’i.i1., i i 4 l c lt c l  of  I ts ’ _ i .’c lt .lc oi S’s its -i’ l,’ s O _ i  l’is’ l’s’cl,od , S- Os’ ‘‘ ~ssost: :‘.‘_‘ c , . s o c ’:. ,

no duisit  ions dcc l’e_ 050 5, .115_ i S is’ :‘c~sige i t- st  os’s i_ i n  -_ i i ’ s ’, ’s’ cci S ,, I

decrea ses . • c l o s’ c oss , ~:e _ i I 3 ’~s- i ’l S 051 0 s’:’_i a I s l o s ’ s,’:Lce 1 ‘,o s : o n :  S do oc - t I l

:‘s’e~~eencv  o:’ :te So  rs’ s i l i i  r c ms5 ~5 s V : i 5 ’ j s l ’  Losso  \Cc,5 isis - SOS_ is’ .. t’ ,s5 s’~ t ‘0 1

I r ’’s. _ L S .i:cU 5 :1- _ i 5550 t5 ,’ss., 5 5 5 1  - t,ci - 1 , 15 ‘.01. 5 ,‘S’ ,SS, 55, _i cI 5 5 0 0 ’  t s’ ,,- ~5 ._ i  ‘‘I’ c’~’5:5. ’’’ —

‘scciSiso C ‘ .~~-5 15. ’ 0”isi l’.’’.’Ocl ISV .0’ 155, 5 5 1 ’. s c ’ , t - c . c ’ ‘!‘‘ 5 s 5 ~’ c , . ’\’ o f sc ’s:. - : ,‘o.’ :‘ : c c o

1 s,-r’ :‘c ’o’ a o r t i s _ i _ s s ’  Sc ’S. o f  S e a r , , S s :  s - o , t s ’ c. ’:, - ’. _ o t 1_ i s  so::- :  0~’5: ,O ’5’ s - i t s ’

S’ . . ~ . 5 - ~’ .5 I lls ‘.0t , S 105  1 5._i ’, , .  C ’ S  tO .i :101 s- :’ ‘, - ~~- ‘ s na - .s. . , ” , _ iu - . ‘ : ‘ ‘sc ’,’... t

‘ .3

‘~~~riT~~~~1’~ 
, ‘

~~~~~~~~~~~ — - .0’_’C-± tEc ‘ 00’ - ~~~~~~~~



‘
~1

t ion ‘- t ’  the laser f or  s:sssiinsusss , ij _ i t ,,’ r t  i o n -. ‘.‘e re ’,.is t~~e s i 0 0 0i —t . - —s : U s e

ratio. Finally , an ex ten~ icn of Its-s _iI~~;urt jest s:ils~~~’it ions woo ap sli,t .e

to t he  f o r w a rd  loo~o i n i p s s n . f l : e i ’ so:, t on at ’ th-s tors’:U:. ssiossc’ls :~: I a_ ic r  _ i e : . s c r .

The ftzlto wiscp c i o n i e l u s  ions s in s be drawn fr _ is 5 ts i~ o t h e s i s :

1. The p e rt ’Or sssios-c of t he  i s soer  u nto 3c-inn ist0’ s -snscr  _ isin be

improved b-c r e m _ i v i r i p too r e n ’I o rt I vit ~,- cLCf lCSi ciOSl ., C .

~~. Yor s”sJ,o-sJ t v s’ o ,; is’ .scannies’ :s’iosulati_i::, it wo o letersssir.ed that

the out’s--st of t h e - ssi c1tlsiI filtcr w-;s sicss.-ii:::It-s-,5 hp toe ionea’i i th  of too

o:ati’il filtes’.

3. Thr ougmscut  t r i o  :isSs ’s lysIs  sic I s s f _ i r s o s o t i  so a-c55 co’.’aiJ_i~ble sb_ is_ is

tes’rain f e at ur e s  w5 :lcc5 were  -sss.a,.,ler ‘cil .ci. Ic’s’ b-ccss: os iot  o s ze .

Li . The performance of t i m e  tes’rsois : :5-apsis _ i ’ sensor ecuis sce i::.rrevei

by sele_ iting the cssti:::scri rsi0-i’slsctlO:l fs’o p~.cn_iy for a p ven Set cf  terl’siin

and sensor sssu’srssstcrs .

Recommen d at i o n_ i

Several reconssnen idat i o :t s  s’coul te_ i  fr_ i s  1:115 st ~soy ani all of 5:1cm

apply to follow—on sIssies of tiso s’_iatical f ilt e r in g  -list ~r t i o r s  s_ ir ohlo s :: .

First, the spat ial filtering distortion should be re—examined arid recalcu-

lated for o ther  periosie stStsS no t sp er iodic  range functions u s in g  ot :ier

distort ion measures sin s _i :~Ies , sot i~~ Se s i : : : i_ i a e s f r o nt  d i f fe ren t  sources

(which are inoluclos 1:1 t h c  3 i t l i_ i .- -s”t~’s si5’) .  The distcs’ticsi  1’asipe error

should be s’ecsilcu~s.ci oo i’_ i r  a ,i c I , , _ i c i a f l  5 :lS ii ’_ ic i  f i l t e r  which  55501’ s’ closely

s-os ’resents tt :e spa tia l  :‘i l t o r.  i urt sse rns :oce , toe rs’ciOit3 which wei’e _i i~

t s i I  n’~ do nt_i t sisi:’ly to sine ss-s.s.~in 1 ~‘Oce5si5’i f receiver-s W!IsSI’C 5 01-1 tSle

515l 5’S55-?ii1C_i Jf tOe p e r t  e1_ i ,r ,,s i t c , cci, ~ O l  ‘51’ ’’ dci_ t S- _ i  t esS . For these _ i s i i , c ccl c o t .

OU S ’  ser ‘
~ s’-t::3 as: t-’ -i: ,: ; I 5c ~e I 

‘,~
‘ - is ss.’~~L ’ : m i  11’ serVe’ os a sceo fsi 1 :lseie :’

I
t Ct .’S1Zi j  5 !c~’ , ,it~i5 C i s_ C  S _ i’ Sit cI  . - - , S , C -sc s’lj, -‘ .5-S .5 1’S_i f ~_i 501 cot- ‘ C~i 5’j,~~_ i,5 ci
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