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The objectPvc of this work has been to  i nves t iga t e  the  f e a s i b i l i t y  
of microwave holographic w i n g  of t a r g e t s  near the e a r t h  us- a 
large randan conformal a r ray  on the  earth's surface, the  a r r ay  and t a r g e t  
volume beins  illuminated by a Gw source on a geostationary satellite. 

Specific goals are d d i n e d  in sec t ion  I, Introduction, where a sumary 
of the  r epor t  is presented and the  -in conclusions are out l ined.  High- 
'lights of the uork accomplished are as follows. 
necessary geometrical f ormulatiorr f o r  illurnin3 tor-target-array re la t ion-  
ship calculat ions.  
nal leveia result- from L-band illt;lrminstioa supplied by a satellite 
sireiJar i n  capabi l i ty  t o  the ATS-6. 
temporal processing capabi l i ty  (as would be provided with m u l t i p l e  an- 
tenna dements  together with mul t ip le  narrowband f i l t r a t i o n  of signals) 
to build up s u f f i c i e n t  signal-to-noise r a t i o  of signals re f l ec t ed  from 
space and airborne vehicles  is indicated. It is found that f o r  the para- 
meter ranges assumed, a system f o r  surve i l lance  of a i rborne  t a r g e t s  could 
result in a prac t i ca l ly  f e a s i b l e  system. 

Section 2 es t ab l i shes  the 

This is appl ied in sec t ion  3 t o  the  ca l cu la t ion  of sig- 

The need f o r  extensive s p a t i a l  and 

In sec t ion  4 t he  r e l a t ions  between d i r e c t  and r e f l ec t ed  signals are 
analyzed and the  composite r e s u l t a n t  signal seea a t  each antenna eleaent 
is described. Processing techniques f o r  developfng d i r ec t iona l  bean for- 
mation as w e l l  as SNR enhancement are developed i n  sec t ion  5 .  Spa t i a l  
processing (combination of s igna l s  from the individual  antenna elements) 
techniques based on e i t h e r  coherent de tec t ion  o r  square-law de tec t ion ,  are 
shown possible  and comparative e v a l u t i o n s  a r e  presented. Temporal pro- 
cessing techniques appropriate  t o  an a i r c r a f t  target environment are o b  
tained. 
diagram and a discussion of possible  nul l ing  antenna appl icat ions.  

Also presented i n  t h i s  s ec t ion  are a representa t ive  system block 

Section 6 develops the  angular reso lu t ion  and focusing charac te t i s -  
t ics  of a l a rge  array covering an approximately c i r c u l a r  area on the 
ground. In  sec t ion  7, the  necessary r e l a t ions  a r e  developed between 
the  SNR achievable by coherent i n t eg ra t ion  subsequent t o  beam formation, 
t h e  range, speed,  and r a d i a l  acce le ra t ion  of the  a i r c r a f t  t a rge t s ,  and 
the s i z e  and number of elements i n  the  array. 

Numerical r e s u l t s  a r e  presented i n  sec t ion  8 f o r  a possible  a i r  
t r a f f i c  survei l lance system. It is shown tha t  a sys tem with severa l  
thousand clcments spread over an a rea  severa l  hundred wavelengths i n  dia- 
meter should be feas ib le .  Representative antenna element c h a r a c t e r i s t i c s  
are dcfincd., and the u t i l i t y  of a pulse-radar t o  s i d  i n  focusing as well 
as provide e x p l i c i t  t a rge t  range i n f o r m t i o n  is described. 

Final ly ,  i n  sect.ion 9,  a s i m p l e  phasc cor re l a t ion  expcriruent is de- 
f ined tha t  can es tab l i sh  how l a rge  an ar ray  may be conotructed in the 
L-band of i n t e r e s t  workinj; i n  conjunction w i t h  thc b T S - 6  s a t e l l i t e .  It 
is  ant ic ipated tha t  cdrryiiig o a t  t h h  zxpcrimcnt w i l l  a1:;o be useful in 
developing techniquos for  dcs ign  aid cvaluntion of 1.argc spacehortic antennas. 



7a. 

n. 
8. 

9. 

10. 

u. 
u. 

l.3. 

14 . 
15 

16. 

17. 

la.  

19 0 

Cubwed V a l u e s  of Adf as Function of Army She . . . . . . . 
Satd.UterTarget-drrap GcoPeerp . . . . . . . . . . . . . . . 
XXmeIrrtermlBelaeio~ . . . .  . .  . . . . . . . . . . .  . . 
S h p U E i e d  Bloct Diagram of ehe System . . . . . . . . . . . . 

Block D b g r a m  of Ar~ay Element for Coherent Wtectfon and 
HLeferenceBhaseGenerator . . .  . . . . . . . . . . . . . . . 
Axray Klenmit Ceaaetry, Schematic for Synchronous Detection. . 

Gemtry for Azimuth Resolution Calculations . . . . . . . . . 
Blot of W , ( X ) / X  . . . . 0 . . . . . . . 0 . . . . . . . 
Geometry for Elevat ion Resolution Calculat ions . . . . . . . . 

Focusing Array S e n s i t i v i t y  Factors  for Broadside and 
EndfitsPoiating. . . . . . . . . . . . .  . . . . .  . 0 0 0 

Target Ecb In t eg ra t ion  Intervals . . . . . . . . . . . 
Dependence of the  Minimal SNR on the  In tegra t ion  Time . . . 
Tangential  Speed Dependence of t he  Minimal SNR for  Fixed Range 

Range Dependence of the  Minimal SNR f o r  Fixed Ta.igentia1 Speed 

Minimal SNR Surface over the  Range - Tangential  Speed Plane . 
In tegra t ion  T i m e  Dependence of the  Range-Speed Coverage for 
Fixed I l luminat ing Power . . . . . . . . . . . . . . 
Coverage Region i n  the R-V, Plane . 

6 

13 

17 

28 

30 

31 

32 

35 

35 

37 

r50 

42 

44 

$7 

51 

52 

54 

55 

55 

57 

58 

20. SNR Dependence on the Integration T i m e  . . . . . . . . 63 



LI!X' OF ILLUSTRATIONS 

2.l . SNR Dependence on t h e  Rate of Change of Radian Frequeac, 
for Fixed In tegra t ion  T i n e  . . . . . . . . . . . . . . . . . .  64 

22 . Receiver . €hviug Source Geometry . . . . . . . . . . . . . . .  65 

23 . Project ion of the  Moving Source . Recei-r Geometry on t he  
HorizontalPlane . . . . . . . . . . . . . . . . . . . . . . .  67 

24. Dis t r ibu t ion  of the T fo r  Fixed In tegra t ion  Time . . 59 

25 . Contours of the  Degradation Ratio . . . . . . . . . . . . . .  71 
26 . Range Dependence of the  *gradation Ratio . . . . . . . . . .  71 
27 . Areas of High Degradation . . . . . . . . . . . . . . . . . .  ?2 

28 . R-Vt Plane S i tua t ion  f o r  the  Integrat ion Time which ninimiees 
the  Required Power t o  Cover the  Shaded Area . . . . . . . . .  76 

29 . Dependence of the  Range-Tangential Speed Coverage on t he  
Integrat ion Time and the  Transyitted Power-Effective Receiving 
Area Product . . . . . . . . . . . . . . . . . . . . . . . . .  79  

30a . Solid Angle of Coverage . . . . . . . . . . . . . . . . . . .  80 
30b . Dipole Sens i t i v i ty  Charac te r i s t ic  . . . . . . . . . . . . . . .  80 

31 . Speed Range and In tegra t ion  Tim Parameters . . . . . . . . .  85 

32 . Regions of Coverage . . . . . . . . . . . . . . . . . . . . .  87 

33 . Projection of Points  on a Hemisphere onto the Plane of the 
Array . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88 

34 . Distribution of the  Berms in the Sine-space . . . . . . . . .  90 

35 . Array  Sens i t i v i ty  Dependance for  Endfire Pointing . . . . . .  93 
36 . Block Diagram of Experimental Equipment . . . . . . . . . . .  98 



1 L N S g O D U C H 0 1 3 . . . . . . . . . . . . . . . . . . . . . . . . . .  a 

3.1 Prelidnary Environmental Considerations . . . . . . . . . 8 
3.2 mireal Size and Effec t ive  Area of the Array dlperture . . . 11 

5 SIGNAL PROCESSCiR CGNSZDERATIONS . . . . . . . . . . . . . . . 22 

5.1 Spa t i a l  Processing . . . . . . . . . . . . . . . . . 22 
5.2 Temporal Processing . . . . . . . . . . . . . . . . 26 
5.3 Block Diagram of t he  System . . . . . . . . . . . 29 
5.4 Mulling of the  IlltaDinating Source . . . . . . . . . . . 32 

6 ANGULAR RESOLUTION AJ!lTl FOCAL DISTANCES OF A CIRCULAR ARRAY . . . . 36 
6.1 Angular Resolution i n  Azimuth of a Circular Array . . . 36 
6.2 Angular Resolution in Elevation of a Circular  Array . 41 
6.3 Focal Distances . . . . . . . . b . . . . . b . . . . . 44 

7 DEPENDENCE OF T I E  POSTINTEGRATION SNR OX THE RANGE AND THE S P E D  
OF THE TARGET WITH THE INTEGRATION TIME AS A PARAMETER 49 

7.1 Introduct ion . . . . . . . . . . . . . . . . . . . . . 49 
7.2 Post in tegra t ion  SM . . . . . . . . . . . . . . . SO 
7.3 Range and Speed Dependence of the Pos t in tegra t ion  SNR i n  

8 Microwave Holographic Imaging System . . . . . . . . . 53 
7 . 4  Frequency Deviation of the  Reflected Signal  as a Factor 

which L i m i t s  the  Length of the  In tegra t ion  Time . . 59 



8 APPLICATION OF HICROKAVE W I N G  IN.AN AIR-TRAFFIC SURVEILLANCE 
S.S. . . . . . . . . . . . . . . .  o . o o . o o o . . o o o o . 8 0  

8.1 S e n s i t i v i t y  Charac t e r i s t i c  of the Array Elements . . . . . .  80 
8.2 Power Requirements . . . . . . . . . . . . . . . . . . . . .  81 
8.3 Number and Posi t ion of the Beams . . . . . . . . . . . . . .  87 
8.4 Focusing . . . . . . . . . . . . . . . . . . . . . . . . . .  g a  

9 SPATIAL CORRELATION EXFERZWIiMTAL EFTORT . . . . . . . . . . . . .  95 

LIST OF TABLES 

1 . Coherent S p a t i a l  Processor Performance . . . . . . . . . . . . .  24 
2 . Distances Required t o  Apply Simplified Formulas f o r  Focused 

Beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

3 . Maximal Detectable Transverse Speed; Required Integrat ion Time 
Dependence on t he  Detection Range of the System . . . . . . . .  83 

4 . Elevation Beam Center Locations . . . . . . . . . . . . . . . .  92 

5 . Array S e n s i t i v i t y  Values f o r  Endfire Pointing . . . . . . . . .  94 

6 . Elevation Angle from VFRC t o  Stationary-Orbit Sa te l l i t e  as 
Function of S a t e l l i t e  Longitude . . . . . . . . . . . . . . . .  97 



March 1976 -1- m c  - a6 

1. INTRODUCTION 

1.1 Objectives and Goals 

The ob jec t ive  of t h i s  work has ken to inves t iga t e  t h e  f e a s i b i l i t y  

of microwave holographic imaglslg of targets near t h e  e a r t h  using a large,  

random, conformal array on t he  ea r th ' s  surface,  t h e  a r r a y  and t h e  t a r g e t  

volume being i l luminated by a ChT source on a geostationary satellite. 

Spec i f i c  goals to be pursued are as follows: 

a. Development of s y s t e m  concept involving we of satel l i te  signal 

as phase reference for a r ray  and a l s o  t o  i l luminate  t a r g e t  space. 

Determination of s i g n a l  l e v e l  requirements taking i n t o  account 

satellite t r ansmi t t e r  power and gain,  and forward scetter cross- 

s ec t ion  characteristics of t y p i c a l  a i r c r a f t  and loa.-orbiting 

space vehicles. 

Formulation of algorithms f o r  accurate  angular l oca t ion  of tar-  

qe t s  by coherent processing of received s igna l s ,  accounting for 

Doppler displacement of sca t t e red  s igna l s  as w e l l  a8 angular 

and range locat ion of t a rge t s .  

b. 

6. 

d. Determination of a p p l i c a b i l i t y  of (possibly adaptive) n u l l  form- 

ing techniques i n  the array f o r  reducing the apparent l e v e l  of 

the d i r e c t  s igna l  from the s a t e l l i t e  so as t o  minimize the dynamic 
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range’between the  satell i te signal and signals sca t t e red  by tar- 

gets - 
Invest igate  the  sys tem utiJ.ity t h a t  would be implied by t h e  use 

of a sepa ra t e  ground-based pulse-radar to  provide range and 

coarse angle information fo r  t a r g e t s  of I n t e r e s t .  

Determine s i g n i f i c a n t  frequency band tradeof €6 comparing L-, 

S-, C-, and X-band, o r  higher, operating freqdeucies. 

Detemine t h e  f e a s i b i l i t y  of phase synchronization of a large,  

random, conformal a r r a y  by s i g n a l s  from a geostationary satellite, 

developing a plan €or art experiment t h a t  can lead t o  such de- 

termination. 

e. 

* 

f .  

8. 

1.2 saumnary 

In eect ion 2 t o  follow the  basic  satellite - array geometry is de- 

ecribed and the necessary formulas for ca lcu la t ing  observation dis tances  

and angles are presented. 

Next (section 3) are covered the s i g n a l  levels which r e s u l t  f o r  both 

d i r e c t  sa te l l i te  - a r ray  and i n d i r e c t  s a t e l l i t e - t a rge t - a r r ay  propagation 

p a t h s ;  assuming ATS-6 i n  geosynchronous o r b i t  as the  Gband i l luminat ing 

source, t yp ica l  a i rbornc o r  low-orbiting space vehicles  as t a r g e t s ,  and 

antenna array elements located i n  the v i c i n i t y  of our Valley Forge Re- 

search Center. 

quired t o  obtain a detectable  r e f l ec t ed  s igna l ;  it is concluded t h a t  if 

no more than a few thousand elements can be used, i t  is necessary t o  limit 

the appl icat ion to  the survei l lance of airborne t a r g e t s  (not f e a s i b l e  f o r  

detect ing space vehicles  unless orders of magnitude more i l luminat ing 

power were ava i l ab le ) .  

A calculat ion is made of the number of array elements re- 
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In sec t ion  4 e x p l i c i t  expre'ssions f o r  d i r e c t  and r e f l ec t ed  s i g n a l s  

are presented 80 8s t o  obtain a mathematical representat ion of r e s u l t a n t  

waveforms a t  each antenna element:. 

Section 5 is concerned with t h e  processing of s igna l s ,  s p a t i a l  and 

temporal combination as required f o r  beam forming, which is t h e  equiva- 

l e n t  of microwave holographic imaging of t he  i l luminated volumes. 

coherent detect ion and incoherent square-law detect ion techniques are de- 

fined; i t  is concluded t h a t  square-law detect ion would be much simpler t o  

Implement although i t  would s u f f e r  3 decibels  SNR degradation r e l a t i v e  t o  

Both 

the coherent detect ion schemes. A system block diagram is proposed, sug- 

gest ing the f e a s i b i l i t y  of performing temporal f i l t e r i n g  (FFT o r  doppler 

f i l t e r  banks) subsequent t o  mult iple  beam formation. Final ly  a technique 

is presented f o r  nu l l i ng  out the d i r e c t  ray 80 as t o  pe rmi t  more e f f e c t i v e  

detect ion of t a rge t  echoes. 

Section 6 is concerned with the formation of beams by the l a r g e  cir-  

cu la r  array,  including angular resolut ion c h a r a c t e r i s t i c s  as w e l l  as 

range-dependent focusing requirements. It is concluded t h a t  a coarse 

estimate of t a rge t  range w i l l  be s u f f i c i e n t  to p e r m i t  near optimum angular 

r e so lu t  icn. 

Ln sect ion 7 the  dependence of s igna l  detect ion capab i l i t y  on t a r g e t  

range and speed and on spa t ia l  and temporal s i g n a l  process!..ig parameters 

is obtained. Graphs a r c  obtained, presenting parameter dependences, in- 

cluding the e f f e c t s  of r a t e  of change of range r a t e  during observation in- 

t e rva l s  and showing dependence on c a r r i e r  wavelength. 

I n  sect ion 8 s p e c i f i c  sets of numerical values a r e  given, i l lus t ra t -  

ing possible system performance capabi l i ty .  



RLnally, ia section 9 an experiment is described that am be conrriderecl 

88 a ffrst s t e p  io t h e  imp~en@ntatioa of t h e  concepts developed. 

1.3 concPueion$ 

The goals  enmera ted  in seetioa 1.1 above have been e s a e u t + s l l y  car- 

ried out  as p h e d .  In general, t he  concept of microwave ho1ogral;ldc im- 

aging of airborne vehic les  f o r  air t r a f f i c  surveillance has been ahown t o  

be technical ly  f eas ib l e .  I f  i t  were decided t o  proceed with the  develop- 

ment of the system, the next s t e p  would be t o  perform a mre de ta i l ed  sys- 

tem design 88 well aa more de ta i l ed  canpatison with o ther  techniques for 

obtaSning eha decab. Id t a r g e t  information. 

E t  is expected t h a t  adapt ive nul l lng  techniques can be use fu l ly  

applied; also, the experiment planned f o r  t h e  next pear can provide addi- 

tional environmental. information as t o  t he  a p p l i c a b i l i t y  of the  concepts 

developed. 

2. SATELLITE-ARRAY GEOMETRY 

Aa a convenient point  of departure, we Rave decided to  employ se l ec t ed  

charac te=is t icS  ob t he  ATS-6 s a t e l l i t e  and i t a  systems [l,2] as a s t a r t l t t g  

point i n  our system development. 

f e a s i b i l i t y  of the concepts developed and can lead t o  a reasonable indica- 

t i on  of hardware requirements. 

This w i l l  serve t o  block out regions of 

Consider a s a t e l l i t e  i n  synchronous o r b i t  r ad ia t ing  a 1550 MHz s i g n a l  

[ l ]  The ATS-F&G Data Book, Goddard Space F l ight  Center, Greenbelt, Md., 
Revised edi t ion ,  Sepatember 1972.  

[2 )  X-460-74-232 Applications Technology S a t e l l i t e  ATS-6 In  Orbit Check- 
out Report, August, 1974 ,  Coddard Space F l ight  Center, Greenbelt, Md. 
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(CW sinusoid unmodulated) from an antenna 30 feet lil diameter (parabus 

l o i d a l  r e f l e c t o r )  point ing a t  a randola a r r ay  of antenna elements on t h e  

earth'rs surface (for example a t  our Valley Forge Research Center site). 

Since the wavelength is some 20 cm o r  about 0.66 f e e t ,  the  beamwidth of 

the 30 foot  antenna w i l l  be about ,022 radians.  

t he  ea rch t s  surface, a volume Sn space will 3~r i l luninabed t h a t  w i l l  be 

roughly c y l h d r i c a l ,  concentric with the  l i n e  of s i g h t  from satel l i te  t o  

azltenna, having a diameter of .022 x 20,000 or about 440 nau t i ca l  miles. 

Thus i n  the v i c i n i t y  of 

The parameters of the r e f l ec t ed  s i g n a l s  measured a t  a receiving a r r ay  

element (amplitude, frequency and phase) are functions of t he  dis tances  

involved (source-targst dis tance and target-array distance) and their 

rates of change. 

concerning the sa t e l l i t e - t a rge t - a r r ay  geometry. 

Therefore i t  w i l l  be use fu l  t o  f i n d  some expressions 

, Let us denote, as shown i n  Figure 1, the distance between t I- 

, s t a t i o n a r y  satell i te and the center  of the  e a r t h  by R E ,  t h e  radius  af t he  

e a r t h  by Rr and t he  dis tance between t h e  satel l i te  end a reference po in t  

B within the a r r ay  by drs. 

of the reference po in t  R,and 9s t he  longitude of the sat$l l i te  posi t ion.  

(The l a t i t u d e  of a geostationary s a t e l l i t e  i s  $s = 0,) We are i n t e r e s t e d  

i n  the dis tance betveen the satel l i te  and the  po in t  R (i.e., dSr) and the  

d i r ec t ion  of the  s a t e l l i t e  with respect  t o  t h e  point il, i.e., t he  com- 

Let 9, and ( J ~  be  the longitude and the  l a t i t u d e  

ponents of a unit vector pointing towards the s a t e l l i t e  i n  a su i t ab ly  

chosen rectangular coordinate system (see the  system XYZ-R in Figure 1,) 

The distance d is easily found by 
Sr 



FIGURE 1 SATELL'ITE-ARRAY GEOMETRY 
where - cost$= 

xOr: 

are the coordinates of K and S i n  the Yectangular coordinate system 

xoyozo-O, with z -axis passing through the North pole of the earth nird 

the xo-axis passing through Greenwich meridian (see Figure 1). 
0 
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The components ks, k and kzr of the vector in the XYZ-R mor&- 

Y= 
m t e  system, where the X-axis points towards south, the X-axis points 

towards east and the 2-sxis fs normal to the earth surface, are equal rc- 

spect ivdy to the components ke, k and kr in the spherical coordiniea 

systser QgR-0. Theref ore 
+ 

(3) 
k 
' zr YO 

kr = lexo sine, cos+= 4- k s i 1 1 9 ~  sin@= + kzocos8, 

Bere, kxo, k 

ordinate system, l.e., 

and kz:, are components of the vector in the X Y 2 -0 co- 
YO 0 0 0  

P - "or 

kxo dSr 

- 
'os 'or k =  

PO dsr 

2 -2 - 2  os or or 

sr 
E 

%O dsr d (4) 

and 

n - - J, , (as can be seerb in Figure 1). 'r 2 r 
For exam?le if the s a t e l l i r e  is somewnere above the  Galapagos islands 

0 (say +s = -94,5 ' )  and the array is in the Valley Forgc area (4  = -?5.5 

and JI, 
r 

0 3 40 ), by using  (I), ( 2 ) ,  ( 3 ) ,  ai?d (4) we get  d = 37.8105 x 13 km, sr 
0.6779, k = -0 .3629 and kzr  = 0.6394. 

kxr Y r  
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5 c e ,  the elevation -le a and the aaimuthal -le 4 of the satellite 

w U . l  be given by: a = ~ 1 2  - arcsdngzr 39.737 degrees an8 

4 = arctan& /k ) -28.161 degrees (Le., 28.161 degrees south-mst). v =  

3. SfQQAL LEVEL CBLCULATIONS 

Consider the signals received by a t y p i c a l  antema element. F i r s t  

there v i l l b s  si sinusoid received as a plane wave Prom the d i r e c t i o n  of 

the satellite. Next there w i l l  be a sbusoidd echo from each target 

present in t h e  illuminated volume. The frequency of t he  echo w i l l  be as- 

placed from that d t t e d  by the  satellite by t h e  Doppler s h i f t  given by 

- f where vr is t he  rate of change of propagation pathlength (satellite c o  

t o  t a rge t  t o  antenna). For fo  = 1550 Mtiz, this becomes f d  10.3 v Hertz 

where vr is i n  d s .  

c r a f t ,  7500 m/s for l o w  o r b i t a l  s a t e l l i t e s .  

thus 1Q.3 KHz and 77 KEz. 

vr 

r 
Typical vr values are 1000 m/s €or fast moving air- 

Corresponding f w a l u e s  are d 

Such doppler s h i f t s  are important parameters 

that m u s t  be considered i n  any schemes f o r  signal enhancement or i n fo rm-  

t i o n  extract ion.  

3.1 Preliminary Environmental Considerations 

A. Formulas required for s igna l  l e v e l  ca lcu la t ions  

For the d i r e c t  l i n k  131 w e  have: 

1. (S/N)D 

snd f o r  t he  r e f l ec t ed  l i n k  [4]. 

2. 

(P,) + (Gt) 4- (Crd) -I= 2(X)- *2(R)  - (8)  - (so) - (L) f 77 

(S/N)R = (P,) + (Gt) + (Crr) 9 2(X) + (a) (6) 

[3] 

[4] I b i d . ,  p .  12.  

R .  Berkowits: (cd.), Modern Radar, John Wiley & Suns, Inc., p .  13, 1965. 



Where 

Ot) = tr&erenitted pmmr ia dbw 

(Gt) - gaia of t r d t t b n g  a n t e m a  in db 

(-1 ( r d  G' ) - gain of receiving antenna ia db 

(a) = wavelength in db CIQ 

0%) - distarre of satelute to receiver in db nmi 

at) 
(Rr) 

= distance of satellite to t a r g e t  in db lrrsi 

d l s t m e e  of t a r g e t  to receiver in db cad 

(0) = blscatic radar cross sec t ion  of t a r g e t  fa dbm 2 

(B) - signal bandwidth in db Hz 

a,) = l o s s  f a c t o r  in  db 

<Kpo) = aoise f a c t o r  ir: db 

B. Initial se l ec t ion  of representa t ive  numerical values  

Parameters similar t o  those of t he  ATS-6 satellite wi.I.1 be assumed. 

Basical ly ,  we have 40 watts t ransmit ted at L-band (1,550 MBar) over a 

30 foot parabolic r e f l e c t o r  antenna. The transmitter is assumed In  syn- 

chronous o r b i t  

delphia-Valle y 

pointing at the  rece iver  array assumed t o  be in the Phila- 

Forge area.  lie can ca lcu la t e  as follows f o r  each parameter: 

- (40) = p6.02 dbvl 

= (ATS-6 book) 
3x10 XI00 - (--) = (19.35 cm) = 2.87 dbc 9 1.55~1Q P 
[db[ ( typ ica l  value) 

151 ( typ ica l  value) 

= 143.101 (see ca lcu la t ions  Figure 1) 

= (R) t y p i c a l  assumption assuming t a rge t s  in i l lmin r r t ed  
region 



162 . 26 - 147.24 

* 16.02 

(Gt) - 38.50 ’ 

-(-) = 5.00 

2 ( U  5 23.74 

(a) = 10.00 . . 
95.26 - 187.24 

f- 91.98 dB1 

Mote the apparent107dB difference between direct and reflected rays. 

This ie given more accurately by 

(Note here Rr is in 2, not nmi) 
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The cmclus ion  f r o s  t h i s  discussion is t h a t  while single-element SIN 

ratios w i l l  be s a t i s f a c t o r y  f o r  direct link signal detect ion,  the reflected 

l b k  signal necess i t a t e s  a combitation of higher transmitted power, s p a t i a l  

processing (coherent coabination, or its equivalent of s i ~ l s  from reult iple 

antenna elements "beamforming") and ttmporal processing ( t i m e  s v e r a g h g )  

accomplished af ter  doppler filtering. 

3.2 KINIHAC SIZE AND EFFECTIVE AR€A OF T€tE ARRAY APERTURE 

Imaging of the  volume of i n t e r e s t  w i l l  be performed by e f f e c t i v e l y  

forming, from the same sets of array element data,  many beams sirPultan- 

eously. 

3 dB width of one of them or, as is usual ly  sa id ,  within a "resolution 

cell". 

Beam spacing will be C108€? enough so thas a t a r g e t  is wi th in  t h e  

Presence of a t a r g e t  i n  a r e so lu t ion  cell w i l l  be assessed on the 

b a s i s  of t he  received energy r e f l ec t ed  from the t a r g e t  during its s t a y  

in t h a t  resolut ion cell.  

p tobab l l i t y  t h a t  e r r o r  w i l l  no t  occur. 

The l a r g e r  t he  received energy, t h e  higher t h e  

The amount of received energy depends on the  transmitted power, the 

t a r g e t  cha rac t e r i s t i c s ,  t he  e f f e c t i v e  receiving area and the required 

Pngular resolution. 

Limited i l luminat ing power restricts the  domain of a p p l i c a b i l i t y  and 

the performance of our system. In t h i s  s ec t ion  w e  f ind simple r e l a t i o n s  from 

which, given the transmitted power, one can determine the required number 

of array elements so t h a t  c e r t a i n  t a r g e t s  can be handled and, conversely, 

t he  l imi t a t ions  on the t a rge t  c h a r a c t e r i s t i c s  f o r  a given number of a r r ay  

elements and given angular resoliition. We a l s o  txamine t h e  effect  of the 
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radiation wavelength on the required number of eheernts d e r  the assclsqp. 

tion of coast,lat transdttfng ant- gain. 

A fundamental quantity ;in our discussion B l d l l  be the "effect%te re= 

ceiving area" or "effective area of the array aperture" which is defined 

is8 the ratio Adf = Pc/I of the collected radiant power Pc t o  the power 

density I in the atray plane. 

Forearlas for Required N d r  of Elements 

From the signal t o  noise consideratioas to be gives Later in t b  text (8- 

UO) we find that, for a 5QX U e e r  transtsitter antenna dish, the effec- 

ttve area of the receiving antenna must satisfy the equation 

*re Pt - transmitter power, 

s-t, % - target-array distance, Q = bistatic cress section of the 

target, D 0 diameter of the array, and X = radiation wavelength' (all  quan- 

t d t i e s  expressed in standard PMS units). Since the effective aperture can- 

mt be larger than the physical aperture, Aeff is subject t o  the constraint 

BT = target speed transverse to line of 

T 

a 

( 9 )  lrD' 9 A(D) %ff < 4 
mressions (8 )acd  ( 9 )  reqcire t h a t  the aperture size D be greater than 

the min€r;..un value given 3 Y  

The permissible ranges f o r  A 

Figure 2 i n  which curve 1 is Am(D) of (8) and curve 2 is A(D) of (9). 

are thea given by the shaded region in eff 



which gives the ratio of potential thinning m a funct ion of t h e  diameter D. 

Bar hi@y-thinaed arrays,  f .e., 

lng betweex& the der~eats can be  neglected. 

array area w i l l  be the SUBL of the  e f f e c t i v e  areas, A,,, of t he  individ- 

ual elements. Hence, t h e  required number of array elements (from (8) and 

A ~ ~ ~ / A  C* 1, dect romagnet ic  coupl- 

Consequently the e f f e c t i v e  

(10)) i t3  

Dependence of the Required Number of Elements on the  
Radiation‘ Wavelength. 

We note from (8) t h a t  f o r  given angular resolut ion,  t h e  required 

a f f e c t i v e  receiving area is  independent of the wavelength A .  

hand t he  e f f e c t i v e  area of the array elements is proport ional  t o  X 

On t h e  o the r  

2 j f  
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m- v$! 
@T UT 

~irnflarly, comblaing (11) and (10) and fixing 8 - A/& we obtain that the 

ratio of p o t e n t i a l  thhning is also proportions: t o  1 /X2:  

8 
- t  

P -  'II z 

Expressions (13)and (14) i n d i c a t e  that increasiag t h e  r a d i a t i o n  wave- 

length brings about two p o s i t i v e  e f f ec t s :  

elements becomes smaller, and (2) t h e  coupling between the  -.lements de- 

creases * Longer wavelengths, however, require  l a r g e r  t r ansmi t t i ng  dishes , 
a tradeoff yet t o  be evaluated. 

(1) t h e  required number of 

Some Numerical Results. 

In the  following w e  will make use of the developed r e l a t i o n s  t o  f i n d  

out what the requirements a r e  concerning the aperture  s i z e  and the number 

of elements f o r  two  d i f f e r e n t  t a rge t s :  

(2) an a i r c r a f t  approaching o r  leaving an a i r p o r t .  

t ical  so lu t ion  is sought which provides an angular r e so lu t ion  on t h e  

order of seve ra l  mi l l i r ad ians  and requires  on t h e  order of a thousand 

antenna elements 

(1) a low o r b i t  s a t e l l i t e  and 

I n  both cases a prac- 



BPtAPIPLE 1 

(8) 6Lsrdng the pslraneterrr of a low orbPt sateUte t o  be: 
5 B'p - 400 rn - 4 x 10 meters 

3 VT - 8 x 10 mtedsec .  - 10 square meters 
.. . . 

we find 

. -  
WWeh w i t h  

available pow& in t h e  ill-tin:; 

"Me - -ue i m p l i e s  that t h e  angular 

= 0.49 x radians and t h a t  

x E 0.2 met@ra and Bt-= 
- ~- 

BBIBX 

satellite) y i e l d s  (8) D& 

r e so lu t ion  must be b e t t e r  than 

t 

410 meters. 

i n t e g r a t i o n  time cannot be longer 

than T- = 24.5 x LOw3 seconds. From (12)above, t he  number of eleuents 

required (since Ad for a f i l l e d  a r r a y  = 4) is given by 12 

. %in 4 6 
m - e  ? =  13.2 x 10 elements 

*mill 4 

is too large f o r  t h i s  app l i ca t ion  t o  be  considered. 

(b) I f  instead of X = 0.2 meters we assume X = 1 meter, and leave 

the t r ansmi t t e r  gain unchanged, the following r e s u l t s  w t l l  be obtained: 

5 82 meters, Nmin - 21,000 elements, emax - 12 x radiana,  and bmi* 
= 0.61 seconds. The s i t u a t i o n  is considerably improved s i n c e  Xmin 5nax 

is much smaller but is s t i l l  f a r  from being p r a c t i c a l ;  f o r  besides the 

l a r g e  nunbar of elements required, the resolut ion is not very good. 

we conclude t h a t  Imaging of low o r b i t  s a t e l l i t e s  r equ i r e s  a n  impract ical ly  

Thus 

l a r g e  number of a r r ay  elements unless the illusfnating power is many times 



I 
l a r g e r  than 100 watts. 

IgrAYlPLE a - 
(a) For an aircraft t a r g e t  with g a r m e t e r s  

a, 100 Km - 10 5 meters 

we fine 
6 -1 PT = 10 glee 

&ais assuming X = 0.2 meters and P - 100 watts w c  obtain from (10) a: 
= 1.275 meters. Suppose that angular r e so lu t ion  of 6 5 x Dmia 

radians is required and t h a t  a r r ay  elenients with e f f e c t i v e  area Ad = h2/2 

(or Gel 

obtain t h a t  the nunber of a r r ay  elements w i l l  have t o  sa t i s fy  N > 2250 

elements. 

x 5.8) will be used. Then from D = 7 40 meters and (22) w e  

The ratio of  the p o t e n t i a l  thinning is 

(b) If we increase the wavelength by a f a c t o r  of two and r equ i r e  the same 

angular resolution, tSe follclwing results w i l l  be obtained: 

meters, D = 80 meters, El > 563 elements, and p 0.00797. 

Dmin = 0.6375 

On the  bas i s  of the above r e s u l t s ,  we conclude t h a t  imaging of air- 

c r a f t  can be considered p r a c t i c a l .  

far r e l a t i v e l y  s n a l l  i X m i n a t i n g  power (100 watts) is of the order of 

The required number of elements even 

P 
For instance,  from ( 1 3 ) i t  follows d i r e c t l y  t h a t  i f  we want t o  employ 
an a r ray  490X i n  diameter with 1000 elements each with 7 dB gain f o r  
imaging of low -orb i t  s,ztclll.tcs (where p T X = 0.2 mctcrs 138 Kw is required, whereas a t  X = 1 meter, 6 Kw is 
r tquired.  

= 3.2 x lo8 sec- l ) ,  then a t  
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reflected eignaf from the target T. 

FIGURE 3. SATEILITE-TARGET-AR!!S CEOESETRY 

t 
The coefficients of that linear combination are determhed by the an- 
gular position of the targets and the form of the radistion characteris- 
t i c  of the antenna. 

. 

BEPRODUcI13nJTY OF I'i! 
ORUNAL PAGL IS P9'1?? 



We ate, iatarasted in the form of ar(t) when a CW signal fir radiated 

from the s a t a U i t e .  Assdw for the radiated s ignal  

the expression for 8 (t) is w i l y  Pound sines der is constant rd 

where 

( b o - *  o c  - 

and c is the speed of l i gbt .  
, . -. 

In order to f ind  the expression of the signal srr(t)  we notice f i r s t  

.that the signal a t  the target haa the form 

where C is some constant. Since what is happening a t  the targe ta t  the t: 
dt.(e) 

moment t will be happening at the point Rin  t 3.-- we can write 
C 

It is obvious from (20) that the signal arr( t )  is a ccsine function w i t h  

t ine dependent phase, i . e . ,  



Substitution of (21) i n  (20) gives the a g u t l o n  

which is satisfied for 

where n is  integer, or for 
tl itr r 

dtr C C 

0 dtr 

- t s  +- 
i<t 4- 7) - 'W 

1+- c 

where the dots above 9, dts and dtr denote derivativeo of these functions 

with respect to t. 

time interval 

Assuming that the change of i ( t )  i n  the very short 

1 c 1 

I s  negligible,where T is  the observarfon period and dtro 

left  side of ( 2 L )  could be replaced by 

dtr(t=O), the 
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- .  

or 

C C 
‘W 

O d  
1 + =  

C 

d t r o  A,$ - -1 C 

C 
1 +. 

Since - dtr cc 1, for  any t, w e  approximate 
C . 

For t a r g e t s  whose accelerat ions with respect tc the  t ransmit ter  and 

the receiver are not excessive, as is t he  case with a i r c r a f t  and the  s7,tel- 

lites, t h e  argument t - dtro /c is expression (28) can be replaced simpiy 

by t ,  i .e. .  (28) can be approximated by 

I f  the radiated frequency is  i n  the L-band, then fo r  a i r c r a f t  t a r g e t s  with 

speeds not cxceeding several  hundred meters per second fu r the r  simp’ ! f i c n -  

t i ons  Is possiaic  
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Pha value of the neglected tam will b: Qf t he  order of only 0.01Ik. (In 

tbe ease of satdl i tes ,  appl ica t ion  of eeression (30) will laad eo errors 

of the order  of 10 Hz). From (30) i t  follow8 that 
0 

m behg the Mapenden t  during the obsemation period. 

can be rewritten as 

%herefore (31) 

wberc 

Thus, i n  the  case of the air t r a f f i c  control appl ica t ion ,  t h e  expression 

(21) assues a r e l a t i v e l y  simple form 

The s igna l  received at  the i t h  antenna element a t  time t due t o  the  db- 

r e c t  s igna l  from the s a t e l l i t e  and a s i n g l e  r e f l e c t i n g  t a r g e t  ( a i r c r a f t )  

will be given by the following expression 
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where E(t) is the position of t h e  target with respect to  some re fereace  

element of the array and +u[fi(t)] 

w i t h  respect  to the phase at the reference element. 

is the phase at t he  i t h  array dement 

e 

5. SIGNAL PROCESSOR OONSIDERATIONS 

la this section we shall develop the main f ea tu res  of tbe s p a t i d  and 

temporal characteristics of t h e  signid processor required for -+as of 

3.x Spatial  process^ 

From (36) above we c e ~ n  start with the following expression f o r  the 

si& received a t  the  i t h  antenna element a t  time t due to the d i r e c t  stg- 

Bal. from the  satellite and a single r e f l e c t i n g  t a r g e t  (mul t ip le  target 

considerations w i l l  be 8 simple extension of the arguraents presented here): 

Here a. is t h e  frequency of the  carrier C 

tudes o€ the d i r e c t  and r e f l ec t ed  signals assumed equal at  all a r ray  ele- 

ments; O,, and $li are t h e i r  phase s h i f t s  w i t L  respect to a real o r  v i r t u a l  

reference; n ( t )  is the noise  present due t o  t he rna l  and shot  e f f e c t s .  

sinusoid; A and B1 are the ampli- 

For processing purposes i t  is s u f f i c i e n t  to  consider t he  complex en- 

velope funct ion as follows: 

Note t h a t  the operations t o  follow can be theo re t i ca l ly  performcd equally 

w e l l  on the raw r f  s igna l s  o r  on the equivalent if signals t h a t  can be 

envisioned a t  each ar ray  element. 



lbo processing schemes s h a l l  be considered here: coherent de tec t ion  

aid squart-hw de tec t  ion. 

S.l.l Coherent Detection 

Coherent detec t ion  requi res  t h e  establisharent of a known phase refer- 

ence sfnusoid synchronized at a l l  a r r ay  elements e i t h e r  at the carrier fie- 

queacy or at a COIM d e n t  LO frequency. 

v ( t )  is formed, given by: 

The spatial processing sigaal 

.C 

Here the symbol a is used to represent  a desir.id "beam pointing" d i rec t ion ;  

ai-& \(a) represent  amplitude and phase weights t o  be appl ied f o r  b@m 

foraacion in the des i red  d i r ec t ion  and with t he  des i red  s ide lobe  structure, 

It CALL be expected t h a t  t h e  ai w I . U  be approdmately uni ty ,  nos vary- 

ing v k y  much w i t h  point ing d i rec t ion .  

signal, we po in t  t he  beam in its d i rec t ion ,  i .e. 

For optimum recept ion of t he  r e f l e c t e d  

The r e s u l t a n t  processor performance based on R randomly located antenna e 
elements can be tabulated as follows: (assuming :3 is input  no ise  pcwer) 

0 
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Output Powst 
(me dements) 

= 1. 

2 - neA 
2 

n%' e l  
a 
- 

CQEREHT SPATIAL PFLOCE5SOR PEBhORMAHCE 

(43 1 

ft is seen that the  r e f l ec t ed  signal i s  enhanced wi th  t&pect to both 

She rrobe anel the diiect signal by the factor ne. NGW we can expact t t e  

Pollowhg input  i n e q u a l i t i e s  to be valid (7) 

(02) 

As a result of t he  s p a t i a l  processing the  PR/Par situation should be  in- 

proved considerably, but  the PR/PD may stiU be smaller than desired.  

ways of enhancing this ratio would include 

- 
a. 

b. 

Adaptive nulling: 

in the  r e s u l t a n t  s e n s i t i v i t y  p a t t e r n  in t h e  direction of the  

s a t e M i t e .  

Doppler f i l t e r i n g  or MTI: making use of t h e  frequency separa- 

t i o n  Aul between the Direct and the  Reflec' ' signal components 

adjustment of ai and Bi(n) t o  produce 61 null 

of VC(t,T)). 

5.1.2 Sauare-law Detection 

This is a d i r e c t  analog of the type of processing i m p l i c i t  i n  t he  op- 

t i c a l  hologram. It  has a great v i r t u e  of not requi r ing  an expl ic i t  rf 

REPRODUCIBILITY Or' TlId 
ORIGINAL PAGE 3 POOR 
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reference signal replicated at  alJ. the array elements. F i r s t  the output 

of each array element (after rf and possibly f . f .  amplification apd fflter- 

h g )  is passed through a square-law detector, giving . 

2 Note that the A term is a constant n.13 :zi,i be KW- -* rssentially by 

a simple high-pass filter. 

by forming the coq lex  sigzlal: 

the s p a t i d  Lrocessing a n  be carried out 

from (43)  the reflected 

q(s)  equal to: 

sfgaal can be enhanced, by using ai 1 Z 1 

The reflected sigual  component of the cutput w i i l  then be: 

For a random array the 

noise component w i l l  now be 

second term w i l l  be negligible. 

of the form: 

The output 
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Comparing this result with  the performance of the  coherent processor (see 

'EaBh $1, it b sees that the squarelaw de tec to r  has 3 dec ibe ls  less S/L 

h a  t b  outputs  than the coherent processor. 

5.2 Temporal Processing 

For the envisioned f l l t d n a t h g  power, the  SNR of the  resolut ion-cel l -  

outputs  (outputs corresponding on a one to me bas i s  to t he  r e so lu t ion  cells 

and coming r i g h t  after the spatial processing block) w l l l  be too small to 

allow direct detection. Further enhancement is necessary and can be done 

elthef by using a bank of doppler f i l t e r s  f o r  each output, or by taking the  

Fourier transform of each output. 

result - enhancement of the  SNR by a f ac to r  of 2W'rI (in the best case) ,  where 

2W is the system's IF-bandwidth and l/rZ is thc  bandwidth of the  doppler 

f i l t e r s .  

Both methods lead bas i ca l ly  t o  t h e  szme 

Only the Fourier transform method w i l l  be considered here. 
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Let w ( t )  be a baseband signal representing t h e  output  of a reso lu t ion  

cell; mult ipl ied by the  weighting funct ion e -jSVft at t i  l e t  it inte- 

grated from cine t - 0 t o  t h e  t = 

I 

as follows g i v i q  

.- j2af tdt 
't 

V(f)  - 1 v ( t )  e 
0 

(49)  

Since in general v ( t )  is a superposi t ion of t he  usefu l  signal ( t a rge t  echo), 

r(t) = K e x p j ( 2 u f d t  C 4), and the  noise, z ( t )  the  I n t e g r a l  V(f) w i l l  

be a random trariable with mean determined by the  usefu l  signal component 
SP 

(if such does not e x i s t  the mean is equal to  zero) and variance determined 

by the  noise  component. Thus 



where (a, a+r) (see FPgure 4) is that port’ion of the jhterval (0, rI) 

within which the useful signal r(t) is present, and 

FEURE 4. TZHIS R?TERVAL RELATIONS 

In obtaining (52) we made the assumption 

1 ‘t >> - I W 

For the signal t o  noise ratio defined as 

I mv(fd) I 
u p d )  sNRT=-  

(50) and (52) y i e l d  

(53) 

( 5 4 )  

The result  (55) shows that t h e  S N R  w i l l  be maximized - the maximal 
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value being equal t o  

P T  
m a P  

Nz0 (55) 

- If t he  in t eg ra t ion  time 

in t eg ra t ing  exactly a t  t h e  m o m e n t  of appearance and end t h e  in t eg ra t ion  

at  the moment of disappearance of the useful signal. Shorter i n t e g r a t i o n  

tlme leads t o  slJaller SMR s ince  we do not  make use ot the whole ava i l ab le  

energy in the t a r g e t  echo. 

leads again to  smaller SNR since i n  the  excess time 

only noise and not useful energy. 

oI I s  chosen to  be equal t o  T i.e., if we start 

Longer in t eg ra t ion  time, on t h e  o the r  hand 

- T w e  i n t e g r a t e  

5.3 Block Diagram of t h e  System 

As was mentioned i n  5.1, w e  have considered two processing schemes; 

coherent detect ion and square l a w  detection. 

cable to the  system. 

SNR, however t h e  latter has t o  be obtained by e s t a b l i s h e n t  of a hewn phase 

reference a t  a l l  a r r ay  elements - a requirement which is no t  easy to  ac- 

complish i n  a r e l a t i v e l y  l a rge  a r r ay  of hundreds o r  thousands of elements. 

Square law detect ion does not  require  an e x p l i c i t  reference signal r e p l i -  

cated a t  a l l  array elements. 

f o r  giving p r i o r i t y  t o  square l a w  detect ion i n  almost a l l  power l e v e l  

calculat ions t h a t  have been done throughout the t ex t .  

We found t h a t  both are appli-  

Cohcrent detect ion has the  advantage of 3 dB greater 

This is a g r e a t  v i r t u e  and was the reason 

We have come t o  the conclusion t h a t  the most adequate form of pro- 

cessing for  the system is the  d i g i t a l  s i g n a l  processing and t h a t ,  in order 

t o  meet the requirements of p r a c t i c a l  a p p l i x t i o n ,  i t  has t o  be done i n  

p a r a l l e l ,  i .e.,  the res, 'ut ion c e l l s  of a given sec to r  o r  of the  whole 
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volume of htcrest should be interrogated simultaneously. 

Except for t he  d i f fe rences  i n  the  array element modules, the' system 

block diagram is bas ica l ly  i d e n t i c a l  for both pmcessing sch-s. 

simplified representat ion of i t  is given bn Figure 5. 

A 

FIGURE 5 .  SIMPLIFIED BLOCK DIAGRAM OF TKE SYSTEM 

The array cutputs  are sampled a t  a rate of f = 2W samples p e r  second, 

I f  one set of samples 

8 

where W is the  bandwidth of the  system in baseband. 

is visual ized as an N-dimensional vector h, where N is the number of array 

elements, then,  t he  set of subsequent vectors  sampled during the integra-  

t i on  time T~ w i l l  cons t i t u t e  an NxN-dimensional matrix of the form 
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, PC 
FILTER 

-b 

TMa matrix 18 t he  processor input  data. .  The output Q€ the groceseor can 

I 
I 

ba represented by an H ~ ~ - d i m e n s l o n a l m a t r i r  i.e., 

output Matrix] -- % Cf 
p4 

where Ml is the number of t h e  interrogated r e so lu t ion  cells and N1 is t h e  

number of  Feutier  tramform coefficients ' .  Each of t he  tows is a d i s c r e t e  

Fourier transform ~f ehe signal aesociaeed w i t h  t h e  corresponding resolu- 

tion cell. 

The data prosessor w i l l  have t o  d iges t  and i n t e r p r e t  the output d a t a  

and prepare f o r  display only condensed information. 

Figure 6a shows t h e  block diagram of t he  a r r a y  element module f o r  

square l a w  detection. 

I i 

FIGURE 6a. BLOCK DIAGRAM OF ARRAY ELEMENT FOR SQUARE LAW DETECTION 

The block diagram of the  array element module f o r  the case of coherent de- 

t ec t ion ,  together with the block diagram of the reference phase generator 

is shown i n  Figure 6b. 
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FIGURE 6b. BLOCK DIAGRAM OF ARRAY ELEMENT FOR COHERENT DETECTION 
AND REFERENCE PHASE GENERATOR 

In both cases, the d i r e c t  signal component is f i l t e r e d  a u t  In baseband; 

for  the  coherent detect ion case the f i l t e r i n g  could have been done in the 

IF-band, as well. 

5 . 4  Nulling of the Illuminating Source 

The system will have t o  cletect r e f l e c t e d  t a r g e t  s igna l s  which a r e  

a8 weak 8s 100 dB below the l e v e l  of the d i r e s t  i i gna l .  The t ransmit ter-  

no i se  power measured i n  a 1 Hz bandwidth (usually 80 t o  130 dB/Hz below 

the level  of t he  c a r r i e r ,  depending on the  kind of t r ansmi t t e r  and the  

dis tance 

t ions.  Further, t he  s i g n i f i c a n t  components i n  the  transmittcr-noise 

I n  Hz from the carrier) is comparable w i t h  the target r e f l ec -  
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.. 
. .  

sidebands eatend beyond any conceivable doppler frequencies 151, This 

m8118 t h a t ,  uriless su i r ab le  measures are undertaken, we may start "de- 

tecting" f a l s e  t a r g e t s  i n  var ious d i r ec t ions  and with d i f f e r e n t  "dopgler" 

frequencies - a r e s u l t  of the  penetrat ion of t ransmit ter-noise  componentJ 

through'th3se s idelobes which h&?pen t o  be i n  the  d i r ec t ion  of t he  

transmitter. The problem of t ransmi t te r  noise can be avoided i f  we ratten- 

uats t he  direct s igna l  by suppressing the  a r ray  response i n  the  d i r ec t ion  

of the s a t e l l i t e .  

flltnninator is known, is to  use array elements with s e n s i f i v l t y  charac- 

A simple way t o  do t h i s ,  provided the  pos i t i on  of t he  

teristics having n u l l s  i n  the  d i r e c t i o n  of t he  i l luminator .  However i t  

obvious that such a technique works only i n  the case of synchronous de,ec- 

t ion ,  i t  doesn't work if square law de tec t ion  is employed s ince ,  i n  the 

latter case, t he  presence of t he  d i r e c t  s igna l  is p e r t i n k ; . .  Nevertheless, 

t he  idea of using ar?-.*v elements with nulls i n  the  d i r ec t ion  of the  i l lumi- 

uator w i l l  help us t o  develop a nu l l ing  c i r c u i t  which could be appl ied when 

square l a w  detect ion is used. 

Square law detec t ion  requires not  only presence of t he  d i r e c t  s i g n a l  

a t  t he  input of the  square law detec tors ,  but the d i r e c t  s i g n a l  must be 

a t  l e a s t  several. times Stronger than the  corresponding thermal noise .  It is 

c l ea r  from the  ex2ression ( 5 9 )  descr ibing the  o u t p u t  of the  sqt:ar:A. l a w  de- 

t ec to r  (here A, 1 and 2 a r e  complex amplitudes of the  d i r e c t  biG;?.al, a re- 

f l e c t e d  s i g n a l  and the  narrow band thermal  noise) t ha t  i f  the  d i r e c t  s i g n a l  

Term Noise Term 

(51 K. W, Saundcrs i n  El. I. Skolnlk (ed . ) ,  "Kodar Handbook, I Chc?ter 1, 
PlcCraw-IIill, Inc. , New York, 1970. 
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is mppreesed too uuch (i.e., below tha 10,vcl of the  t h e r m 1  noine) then, 

because of tha quadratic noise  tern, the SNR w i l l  no longn,r be independent of 

t h e  direct s i g n a l  bu t  w i l l  be proportional t o  i t .  

sion of the. d i r e c t  s i g n a l  before performing square 'law dete.:tion may mean 

a decrease c f  the S M ,  which cannot be tolezated.  TherePore i f '  t h e  ~ l u l l -  

ing of the d i r e c t  signal has t o  be done, it should be done a f t k t  the square 

law deiec tors .  

In o the r  cJxds, suppres- 

In  the  fallowing, two methods of nu l l ing  - one f o r  a system with syn- 

chronous detect ion and the  other  f o r  a system w t t l i  square law detect ion - 
are described. 

radiation c h a r a c t e r i s t i c  s u i t a b l e  f o r  appl icat ion i n  an a i r - t r a f f i c  sur- 

ve i l l ance  and con t ro l  system. 

Both lead t o  a r r ay  elements with c i r c u l a r l y  symnetrical 

We w i l l  pursue the idea of usinn array elentents with n u l l s  i n  ;he 

d i r ec t ion  of the geostationary satell i te.  Clearly, i t  IS ges i r ab le  t h a t  

>we should be. ab le  t o  ad jus t  the pos . *. the n u l l  whei: neu . ,  ary. Not 

only should we not expect t he  geosyndironous satel l i te  t o  be stricti;. sta- 

Lonary, but we must  a l s o  allow for the posa ib f l i t y  t h a t  i r  can change con- 

s iderably i t s  longi tudinal  location, i f ,  f o r  J i f f c r e n t  reasons, such a 

change is required. 

Consider the c i r c u i t s  i n  Figure 7. In  both C ~ S C S  i t  can be shown 

t h r t  the determinis t ic  p a r t  of t:be output will have a n  amplitude propc.- 

t i o n a l  t o  : 

where C(0)  is the individual elcment a e n s i t i v i t y  cha rac t e r i - t i c  and 
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FIGURE 7a. ARRAY ELEMENT GEO;.OETRY, 
S m 4 T I C  FOR SYNCHRONOUS DETECTION 

FIGURE 7b. SCHEMATIC OF SQUARE-LAW DETECTION SYSTEkl 

where Go is  the elevation tingle of t h e  s a t e l l i t e  srurce. 

nous detection case i t  is  necessary to set the angle # to the value: 

In the synchro- 

0 
#“T 2nd sin? 

In the square law detection case, the corresponding adjustment is 

done automatically. 

We must note here that the  expression (60) has been obtained under 

t\e cissumption that the sens i t iv i ty  characteristics of the dipoles D 

D2 and the input-outpu; characteristics of the square law detcctors SLI) 

and 1 

1 
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and SLD2 w e r e  Ident ica l .  

m e s  d i f f e r  from el-nt t o  element, the+& will be lealdag of tmergy f o r  

eo, &.e., the nulling will not be as g o d  as indicated by (60) and (61). 

S t W  a 10 dB or grea te r  suppressioa of the transPPitter noise can be g% 

peeped, if the elements in the p a i r s  cons t i t u t ing  one a r ray  eleaaent are 

ca re fu l ly  chosen to have as close characteristics as possible. 

Since i n  prac t fce  t h e  characteristics of the  eh- 

6. A N c ' i  RESOLUTION AND FOCAL DISTANCES OF A CIRccluR ARRAY 

It can be shown that in the wicin i ty  of t he  focusing point the radia- 

tam pa t t e rn  of a random a r ray  approaches t h e  radiatson pa t t e rn  of t he  

corresponding cont!nuous aper ture ,  t he  variance being equal to  0.51N at 

t h e  ha l f  power points  (N is n d e r  of elements) and going to  zero a t  the 

focusing point .  

taken as the  model f o r  t he  random c i r c u l a r  array.  It w i l l  be s h o w  t h a t  

the near f i e l d  azimuthal reso lu t ion  of 100-wavelength or bigger arrays - 
f o r  d i s tances  as s m a l l  as R = 40p , where po i, the  radius  of t he  a r r ay  

aper ture  - I s  approximately given by the  same expression that app l i e s  f o r  

f a r  f i e l d  conditions. Fomulas f o r  the  angular reso lu t ion  i n  e leva t ion  

f o r  f a r  f i e l d  conditions will be presented. 

for broadside and endf i r e  point ing w i l l  be determined. 

t he  t i m e  we will f ind  i t  appropriate  t o  use the term "continuous aperture"  

w e  preserve the freedom t o  speak about "array aperture" or simply "array" 

when convenient. 

For ease of ana lys i s  t h e  continuous circular aper ture  is 

0 

The array foca l  d i s tances  

Although most of 

6.1 Angular Resolution i n  Azimuth of a Ci rcu lar  Array 

Consider a c i r c u l a r  a r ray  w i t h  radius  po focused a t  the point  F and 

illuminated by a point source T. Let, as shown in Figure 8, the pos i t ions  
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.. 

of B and T differ only it ' r i nu th ,  in@., pg - pT - Ro, 5 = aT 

#F - 0 ,  +T 

tion of the a x h W  di f fe rence  A#. 

ao8 

A+. We are i a t e re s t ed  b the output of the array as a func- 

FIGURE 8.  GEOXETRY FOR AZIMUTH RESOLUTION CALCULATIONS 

The CFA (complex f i e l d  amplitude) a t  a r b i t r a r y  point  M(p, 4)  in the  

is the  d is tance  be- a r ray  plane w i l l  be given by s = Ae-jkrM,  where r 

tween the point  M and the  source. 

w = ejkrpM, where r is  t h e  dis tance between the foca l  po in t  F and the FM 
point  M. Since the a r ray  output is weighted in tegra t ion  over the a r ray  

aperture ,  w e  have: 

TM 
The complex weight associated with M is 

0 0  
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Expressing rm and rm la terms of the coordinates of IF, P and M one obtains 

, we will confine our interest  to only mall valu 

and to ranges Ro such that 

Under the conditions (66) a d  (67) the difference rm - rm can be 

fairly good approximated by the first two terms of its Taylor s e r i e s  ex- 

pansion i n  powers of p ,  i .e . ,  

P 
rm - rnI cosa 0 (cos4 - cos($ - A @))E 

2 
( ~ 0 ~ ~ 0  - cos2($ - A$))$ 0 

COS% 

RO 

Making use of the approximations s i W  

we obtain 

A + ,  COSA Q. 1 and ignoring ( A + ) 2  



a. 0: 2x 1 
a 

5 3  
G e - - -  < -  

The second i n t e g r a l  is  however equal t o  zero,  as can be easily seen i f  we 

i n t eg ra t e  f i r s t  with respec t  t o  4, and we have 
h 

' 0  2r j (kpcosaob+)sin+ 
VOW) "AJ 1 e PdPdd, 

0 0  
( 7 4 )  

Hence, under the conditions (66 )  and (67) the  contr ibut ion oE t he  quadra t ic  

term of the di f fe rence  rm - r 

the  a r ray  pa t te rn  f o r  t a rge t s  near the foca l  point  w i l l  be the  same as for the 

(68) t o  t he  i n t e g r a l  is negl ig ib le .  Thus Fbf 

array when focused a t  a. 

We solve 
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where Jo(x) and J (x) are Beasel functions of zero and the first order 

raemeively e 

- ..._ 

1 

Figure 9 shaws the p l o t  of the function W,(x) /x .  As ould be s e m  

aad 2 J l ( x ) / x  = 0 are denoted by the value0 of x a t  which 2J,(a)/x * 

x and 2r.f 1 

x,= 1.6 
x a =  3.8317 

xa = 3.8317 E kpocosao 6+R 

we find that the azimuthal resolution 

Rayleigh criterion,  i s  given by 

So,, determined according to  the 

0.61h 1.22x 
E -  m 

Dcosao 

where D = 2p0 is the diameter of tiit! aperture. 

The 3 dB beamwidth (measured In azimuth) follows from 

(76) 

x 1 A 1.6 A kp 0 coscl 0 * $54 



&om the discussion above it is apparent t b t  the expressioas (76) 

and (77) can be used for distances even smaller than 40p0, (40 is not a 

magic number) if of interest are only approximate values. 
2 

lpable 2 compares the R= field - far f i e l d  traQSitiOQ range %=BPo/ll 

and the distances Ro = bo for four arrays- 

Po' 200x 

Po- SOOX 

64000 1400 
400000 4000 

TULE 2. DISTANCES REQUIRED TO APPLY SIMPLIFIED 
FORHULAS FOR FOCUSED BEAMS. 

6.2 ANGULAR RESOLUTION IN ELEVATION OF A CIRCUIAR ARRAY 

Suppose, again that our array is focused at the point F, but now il- 

luminated by 3 point source T Which position di f f ers  from F only i n  the 

elevation coordinate by a small angle Aa, as shown i n  Figure 10. 

where 

r - [R: f p2 - 2Ropcos(oo 9 AU)COSC+] % TN 

1. - [Ri + p2 - 2Ropcosa COSJ$]" rFM 0 (79) 
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are the dlrtmces of 'E and B from an arbitrary point X in the aperture plane. 

FIGURE 10. GEOHETRY FOR ELEVATION RESOLUTION CALCULATIONS 

W n g  similar assumptions to those of the previous subsection, we 

obtain: 

' 0  2r -j(kp(cosao &!!%?? + sinaoAa)]cosg 
v(Aa)= 1 e 

0 0  

The integral, above, cannot be solved in a closed form and an approxima- 

tion of the form in (72) doesn't he lp .  

give some results which were obtained by ignoring the quadratic phase 

Therefore in the following we will 

factor in (80) i.e., by assuming far f i d d  conditions. 



-43- 

The angular resolution i n  elevation, 6aR, determined according to the 

Baylaigh criterion is solution of the equation 

(6UR) - 28 P (6aRsinuo + 7 cos0 ) - 3.8317 
A 0  0 

The 3 dB bearnwidth (measured i n  elevation) can be determined from 

For the spacial cases characterized by elevation angles a. = 90" and 

01 = Oos we easily obtain: 
0 

1.22A 6aR = - D a = 90': 
0 

1.02A 6, =- D 
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6.3 .FOCAL D I S T A H ~  

Conskktr a cmt;Cnuaus circular aperture with radius p, focused at  

the point B and f l lmhated by a point source T which position differs 

from that of P only i n  the range coordinate, i .e. ,  pI - 
pp 0 Bp, 

= t+p = 0 ,  QS sham in Figure 11. 5 * "B - "0' @le 

FIGURE 11. GEOMETRY FOR FOUL DISTANCE CALCULATIOXS 

We are interested i n  the form of the expression 

where 
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are the distance8 of T and F from am a r b i t r a r y  point M(p,@) in t h e  aper- 

tures 

g$va by 

Note that the array s e a s i t i v i t y  along the d i r ec t ion  a€ focusing is 

where: P - a r ray  power output and PT - radiated power frum t he  d i s t ance  
SP 

%* - .  

Expanding t h e  difference rm-rm h a Taylor series in bowers of 

p and ignoring d l  the terms beyond the  quadrat ic  tern, one obtains:  

--_ . ... . - .  . 

Lett ing 

and subs t i t u t ing  (88 )  and ( 8 9 )  i n  ( 8 5 ) ,  the  lat ter expression becomes, t o  

d t h i n  a complex f ac to r  of uai t  arnplitude, 

The l a s t  integral. can be solved i n  closed fom for two special cases 

of the  elevat ion angle: 

e u l t s  for these two extreme s i t c a t i o n s  give a fairly good i n s i g h t  of what 

(a) f o r  a = 90' and (b) for a. - 0'. The re- 
0 
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b Bagpenlag for other values of aO. 

la the case (a) (broadside focusing) the integral (90)  m g ~ e 8  the 

form 

'and we obtain 

or subsfitvt ing for "a" from (89 )  

In the case (b) (end-fire focusing) the integral (SO) assumes the form 

where 

/" 
0 

the l a s t  integral was solved by us in8  the re la t ion :  
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for v - 0 [a]. 

the expression 

Combining (93) with (89)' and squaring both sides we obtain 

2 2 2 The curves of the functions f l (x)  - (ain/x) .and f2(x)  = Jo(x) f Jl(x) 

(both f (x) and f (x) are even) are dapicted in Figure 12. 1 2 

By a i d  of tables we f ind that the half power value of x for the first 

a. Broadside bo ludfire, 

FIGURE 12 .  FOCUSING ARRAY SENSITI'IITI FACTORS FOR 
BROADSIDE AXD ESDFEG P3INTING. 

function (case a) is 

the second function (case b) is  xoB - 2 1.69. 

xoA = 1.395 whereas the half power value of x for 

Employing the equation 

k p 2 ( L . 1 ) = x  (x, = x or xo = x 1 4 0 R& 0' QA OB ( 9 5 )  
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* *  % end t h e  near-focal 
we eas i ly  obtain t h a t  the hyperfocal dis tances  

, dfetances** I$ are given by 

where D = 2p0 is thi: diameter. of the array. 

are about 20% smaller i n  case h (endfire focusing) tiran in case a (brcnd- 

s i d e  focusing). With h = 0.2m and D = 4001 = 8Om, Rda = 9 h, 

Note t h a t  t h e  f o c a l  dis tances  

(Example: 

= 7.43 km and %a = 4.5  km, & = 3.?15 km). 

foca l  dis tances  l i e  between the values g .ven i n  ( 9 6 ) .  

Por 0 a. C 90' the  

It is nor d i f f i c u l t  t o  see from (95) t h a t  i f  the a r r ay  is  focussd a t  

t he  dis tance %/k, where k is an integer ,  then the dis tances  a t  which - 
ignoring the  inverse square spreading loss - the  a r r ay  s e n s i t i v i t y  decreases 

3 dB are givez by 3H/(k-l) and \/(k+l). It follows, therefore ,  tr.3t if' 

a 3dB l o s s  is to l e rab le  and i f  i n f i n i t y  is chosen as one of the focusing 

dis tances ,  then the o the r  focusing distiinces can be determined from the 

r e l a t i o n  

%n = ~ / 2 n  (n = 1,2 ,  ( 9 7 )  

We w i l l  call the distances  defined by the  1 a s L  expression - including in- 

f i n i t y  - as "3 dB focusing distances". 

* 
The hyperfocal dis tance is  def ined as t h a t  foca l  dis tance a t  which 
the a r r a y  is i n  f o c u s  out t o  i x f i A t y ,  l a c . ,  the powcr d e n s i t y  -it Xh,  
i g n o r i n g  i n v e r s e  s q u a r e  spreadlug loss, is  3 dB above thc v a l i * ~  a t  
i n f i n i t y  . ** 
The near  focal  J i s t c l n L e  9, is d e f i n e d  as the  roncc  on the near s i d c  of 
the hypcr..Iocal d i s t a n c e  at-' which the powcr dcnsf t y ,  wllcn th.2 a r r a y  is 
focused  a t  t he  hyperfocal disLat icc  and the invcrsc, : ;qudrc  s1)rcadinj; l a w  
is  ncg lcc t cd ,  is 3 dU l e s s  t han  nt the hype r foca l  d l s t J n c c .  



7. DEPmENCE OF THE POSTIhTEGIiATIO3 SNR ON THE RANGE AND THE SPEED 
OF 'THE TARGEI WLTII THE XNTEGRATIOX TIHE AS A PARMETER 

7.1 h t rodue t ion  

The t a rge t s  that are t o  be detected move with d i f f e r e n t  speeds, a t  

d t f f e ren t  ranges and i n  a l l  possibic  d i rec t ions .  

appearing a t  the  beam outputs  Vu1 have d i f f e r e n t  durat ions and d i f f e r e n t  

As a -esd.t t h e  echoes 

amplitudes. 

The pretG tec t ion  in tegra t ion  performed by an  FFT algori thm will assoc- 

iate with these pulses, and therefore  with the  coriesponding t a rge t s ,  post- 

in tegra t ion  signal-to-noise r a t i o s  with d i f f e r e n t  magnitudes. It is con- 

venieat to use this pos t in tegra t ion  SNR as t he  bas ic  measure of system 

performance. 

be studied later. 

The e f f e c t s  of fu r the r  f i l t e r i n g  of t h e  detected signal will 

In other  words, the pos t in tegra t ion  SNR is funct ion of 

the  t a rge t  cha rac t e r i s t i c s  such 2s b i s t a t i c  cross-section, range and trans- 

verse speed. Accordingly, f o r  assumed b i s t a t i c  cross-section, given dura- 

t i o n  of the  in tegra t ion  5-ntemal and given ar;.ay and t ransmi t te r  charac- 

terist ics,  one can represent the pos t in tegra t ion  S N R  as a sur face  above 

the "R-Vt plane" 

the ta rge t .  The 

ceeds a required 

coverage" of the 

where R is the  range and Vt is t he  t ransverse  speed of 

part of the R-Vt plane above which the  associated SNR ex- 

threshold l e v e l  can be viewed as "domain" or "reJr-n. 01 

sy s tern. 

Our object ive here is to  determine the iape of t h i s  region and its 

dependence on the duration of the  in tegra t ion  in t e rva l .  The obtained re- 

sult? will answer the following qticstions: (1) what is the  required power 

to cover a prescribed region i n  the R-V 

time, and (2)  what is the in tegra t ion  tiw for  which the I-equjred power 

plane - gircn the i n t eg ra t ion  t 

is minimized? 

RESROEUCIBILLTTY OF THE 
ORIGWAL( PAGE IS WlOR 
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In the dlscusoloa to  follow we w i l l  &ssume t h a t  (1) the boundaries 

between &.e beams are sharply marked a ~ d  that therefore  the durat ion of the 

taxget echo is determined by 

where V is t h e  target speed and do is the length of the t a rge t  path ins ide  

the beam; (2) that botk the  frequency and rhe amplitude of the t a r g e t  echo 

pulse  appearing a t  a beam output, are constant. 

dea l  of idea l iza t ion  the  results obtained w i l l  be xseful to conceptual l ts  

Although this mearm a great 

the system requirements. 

Later, (Section 7 . 4 )  by taking i n t o  account the  change of the  doppler 

during the  integrat ion,  we will extend the  discussion to  the  cases for which 

the assumption ob constmt frequency pulse  doesn't hold, and thus obtain 

more general and of course more accurate resu l t s .  

f . 2  Post integrat ion SNR 

In approaching the problem of the post integrat ion S N R  w e  w i l l  assume 

that a l l  beam outputs are repeatedly inteprated every T~ seconds i n  such 

a way that no portion of time is l e f t  outs ide the  in tegra t ion  in t e rva l s .  

In c the r  words i f  w e  start in tegra t ing  a t  t = 0 we w i l l  end the integra- 

t i o n  a t  t = fI and immediately s t a r t  a new integrat ion in te rva l .  

tent ion w i l l  be concentrated not on the r e s u l t s  associated with a particu- 

Our at- 

lar integrat ion,  but on the r e s u l t s  associated with the passage of t a rge t  

through a beam. 
* 

Let us concentrate on a beam output i n  which a target 

* 
We emphasize this f ac t  since,  as can be understood from the  above, another 
approach is  also possible where p r io r i ty  would be givcn to  the r e s u l t s  fol- 
lowing a s inj ; le  i n t c g r J t i o n  intcrv;i l .  
would be rcqcfrcd tha t  ill: l c * . i q t _ - o ~  of  tlic beans t ha t  are run through by the 
some target  d u r i n g  a n  intcgrcltion in te rva l  would give suf f icieil t  b;JK. 

Horc precisely,  i n  this approach it  
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. echo appears dur- one of the i a t e g r a t i o n ' h t e r v a l s  and let  f o r  cornteazenca 

the internal of appearance and the  in t e rva l s  coming a f t e r  it be denoted by 

11, 12, I3 and SO forth,  as shown in Bigure 13. 

I 
I 

- I  
I 

I I I I 
I I I I 

. t  
I I I I I I 
I 

t : t, I te I I I 
I 

-r, 
t 

0 
I 
3% 4+ 

BIGlRB 13. TARGET ECHO INTEGRATION INTERvAts 

The t a rge t  echo, which can appear a t  any Isolneat t = ts of the i n t e r v a l  11, 

disappears a t  the  time tg = ts 4- 'c0 in the same o r  in one of the  next inte- 

gration in te rva ls ,  depending on its length T ~ ,  the leag th  of the  integra- 

t i on  time and the s t a r t i n g  moment t . Obviously, here we cannot t a l k  

about postintegration SNR i n  the  same sense as we could i f  the  t a rge t  

echo were completely contained i n  the in t e rva l  of integration. 

is t ha t  for the same ta rge t  echo w e  cap ac tua l ly  have mare than one post- 

Integration SNR (one for  the in t e rva l  I1 and another for  t h e  i n t e rva l  I2 

i n  the case of Figure 13) and tha t ,  i n  addition, each of these SNRs can be 

considered a s  a random variable. (We can view the  set of values t h a t  can 

be assumed by the t i m e  ts, i.e., a l l  the points belonging t o  the in t e rva l  

11, as being t h e  space of def in i t ion  of tliese variables). 

S 

The trouble 

To avoid t h i s  problem i t  seems reasonable t o  define a bound on the 

postintegration SNR a s  follows: 



w l y  if T ~ <  ~ * / 2 ,  then a t  least one of the integration intervals will 

be h i d e  the target echo interval, a d  according ts (55 )  the SNR associated 

with it will equal B T /N on the other hand i f  

the integration intervals w i l l  overlap with a t  least half of the duration 

of the target echo and according t o  (55 )  the corresponding SNB will be 

equal t o  Psp(~o/2)2 /No~I .  So defined, SNR implies design for the "worst 

case" 80 that  equation f 9 8 )  will be a lower bound on the SETR achieved. 

dependence of the postintegration SNR on the integration t h e  is i l l u s t r a t ed  

in Figure 14. 

't 
0 >a , then O Q ~  of 

sp 1 0' 

The 

M5NR 

2N0 

FIGURE 14. DEPENDLXCE OF THE MINIMAL SNR 
ON TIIE INTEGUTION TIHE 

We see t h a t  hISNR assumes i t s  maximum v a l u e  at fI = T 1 2 ,  I.c., when t h e  in- 

t e g r o t i o n  time is e x a c t l y  one half t h e  d u r a t i o n  of t h e  tar--< h a .  Yote 

0 
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. that t k  irranireurs value of the p&sNR is only 50% of t h e  theoretical maxlmam 

Biven by 36. 

7.3 and Speed Dependence of the' Post in tegra t ion  Sasa in a 
Micropsave Holographic Imaging System 

In tUs eectioa we w i l l  develop expressions In  a =re proctfcal form 

%n termat of pameters liae the size of the array aperture, t h e  target range 

and the t a r g e t  speed. EIxpressiaas which descr ibe  t h e  dependence of the PlSNa 

cm the target range and t a r g e t  speed w i l l  be obtained. It w i l l  be t a c i t l y  

assumed t'hat we are thidclng in t e rn  of a system where only low e l eva t ion  

a l e s  (say up eo 20°) are of interest. W i n g .  we of t h e  bis ta t ic  radar 

equat ion (53) and considering the case of square l a w  de t ec t ion  one can write 

where 

P, * t ransmi t te r  power 

Gt - gain of t he  t ransmi t t ing  antenna 

Rs - geostat ionary satell i te - receiver d is tance  

o - B i s t a t i c  cross-section of t he  t a r g e t  

R = target-array d is tance  

The f ac to r  112 appears because ha l f  of t he  power is l o s t  i n  the 

conjugate image" s u b s t i t u t i o n  of (99) and (1 

i n  ( 9 8 ) ,  where D is the  s i z e  of the  array aperture and Vt is  the  

(azimuthal) component of the  t a r g e t  speed y i e lds  

t angen t i a l  
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Thus we have obtained an expression which describes the flmctioazil. Ge- 

pendace of the EDlR on the target range and target s p e d  for f h d  in- 

tegration time 

of (lQ2) will have to be multiplied by a factor of two. 

In the w e  of synchronous detection, the right side 

The functional dependences of the MSNl.2 on Vt for f ixed B = l$ and on 

lt for f h d  Vt - Vtl, are plot ted  in F i g u r e  15 and Figure 16. A three- 

dimensional illustration of the surface (102) is given in Figure 17. 

FICL'RE 35. TAHCENTIAL SPEED DEPENDENCE OF THE 
MINIMAL SNR FOR F I E D  &UXE 

It is  important to  see that all the points (R, V ) i n  the il - V plane, 
t t 

satisfying the inequality, 

MSNR(R,Vt) > MSNRo, 
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FIGURE 16. RANGE DEPENDENCE OF THE MINIMAL 
SNR FOR FIXED TANGENTIAL SPEED 

FIGURE 17. MXh’LhML SKR SURFACI: OVKR THE WKE - TANGE?ITIN, SPEED l’iAi4E 

REPRODUCIBI1,ITY OF THE 
ORIObiAL PAGE IS POOR 
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where #sNRo is an s r b i t r a r y  constant ,  l i e  in t h e  rec tangular  region 

( R z R o ,  Vi rVto) whose dimensions Ro and Vto are so lu t ion  of t h e  set 

Of 64atiOtt8 

* R  vt = 2D2, 

Consequently the  domain of t h e  system, i.e., t he  set of a l l  the  de tec tab le  

ranges and tangent ia l  speeds, can be determined d i r e c t l y  from (104) and 

(105) by simply replacing the  constanc MSNRo with t h e  lowest t o l e r a b l e  

value f o r  t he  MSNR. 

The following i n t e r e s t i n g  conclusions can be drawn from Figures 15-17: 

(1) i f  we increase the range and keep the  speed constant ,  i.e., Vt = Vt., 
t he  MSNR w i l l  be constant  u n t i l  w e  reach the  d is tance  R = ~ D T  V 

t h i s  point i t  w i l l  start decreasing inversely as t he  square of the  d is tance ;  

/ A ;  after I t l  

(2) s imi l a r ly ,  i f  w e  increase the  tangent ia l  speed and keep the range con- 

s t a n t  i.e., R = R1, the  MSNR w i l l  be constant ,  u n t i l  we reach the speed 

Vt 1R1/2DXI; after t h a t  it w i l l  s tart  decreasing inversely as the  square 

of the speed; (3) a t a rge t  being a t  the maximum detec tab le  d is tance ,  i . e . ,  

a t  R - Rmax produces the same EISNR i r r e spec t ive  of its t angen t i a l  speed 
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tinax’ as long a8 its speed $8 smaller than the maxfmal detectable speed V 

and eonversely, a target moving with maximal tangential speed produces the 

same PiSNR irrespectively of its rangegas long as ita range is not greater 

thaa R-. 

By changing the integration time (and keeping the other parameters 

constant) one can adjust the system to different sets of targets as shown 

in figure 18. Mote that larger integration time extend8 the sensitivity 

of the system towards larger ranges whereas smaller integration time 

extends its domain toward larger speeds. 

FIGURE 18. INTEGRATIOB TIHE DEPENDENCE OF THE RANGE-SPEED 
COVERAGE FOR F I U D  ILLlJHINATING POlJER. 

The ratio of the integration times corresponding to case a and case b in 

the Figure, i . e . ,  TI, and TI, will be given by 
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Frost (102) WQ also f ind that the required vower to detect a target at  rmqp 

B = R I g L L I t i s  

'ARma 
and is independent of its speed i f  V ? <  e , also the required 

power to  detect a target with speed Vt * Vt- w i l l  be given by 

c 

2D z,v, mas( 

and w i l l  be independent of its  range provided R <  x 
If w e  want the system to  cover a region defined by R LRmax and 

(see Figure. 19), we w i l l  determine f i r s t  the integration t h e  from Vt f Vtmex 

I 
FIGURE 19. COVERAGE REGION IN ?HE R-V, PLANE. 

R 
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and for t h i s  i n t eg ra t ion  time the required i l lumina t ing  power w i l l  have t o  

s a t i s f y  the inequal i ty  (104). 

Any other choice of t h e  in t eg ra t ion  time w i l l  r equi re  greater i l lumina t ing  

power than t h a t  given by (110). 

tima d i f f e r e n t  from that given by (109) we can cover t h e  shadowed mt,a only 

by a larger rectangle ,  and therefore  by grea te r  i l luminat ing power (see 

Figure 18). Note t h a t  f o r  

t o  the  r i g h t  s i d e  of (110). 

as bigger rI increases  the  value of (108). 

This is understandable s ince  with i n t e g r a t i o n  

given by (109) both (107) and (108) are equal  

Smaller 'I increases  the  value of (107), where- I 

7.4 Frequency deviat ion of t h e  r e f l ec t ed  signal as a f ac to r  which l i m i t s  

the  length of the  in tegra t ion  t i m e .  

e f f e c t  of doppler va r i a t ions  upon the  SNR and the  length  of t he  in t eg ra t ion  

time. This enabled us t o  concentrate on those f a c t o r s  which are c r u c i a l  

in determining the  shape of t he  SNR sur face  i n  the R -Vt p lane and the  

optimal in tegra t ion  t i m e  (i.e.,  t he  one t h a t  provides s u f f i c i e n t  SNR 

with m i i r i m a l  i l luminat ing power); namely the  a r r ay  s i z e ,  the  range and 

the range rate vectors .  

So f a r  we have been neglec t ing  the  

I n  t h i s  sec t ion  w e  w i l l  examine how the fact  t h a t  t h e  r e f l e c t e d  

s igna l  changes i t s  frequency during the in tegra t ion  period a f f e c t s  the  

SNR and t h e  optimum in tegra t ion  time. 

discussion only l i n e a r  chacges of frequency w i l l  be considered, i .e . ,  the  

t a rge t  echo w i l l  be described by 

For the  sake of s impl i c i ty  of t he  
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where f 

radian frequency . 
is  the  main doppler s h i f t  a n d p  is  t h e  rate of change of t h e  d 

Flrst we w i l l  determine t h e  outg;t S N R  of an in t eg ra to r  a8 a funct ion 

of t he  in t eg ra t ion  t i m e  i f  t h e  input  s i g n a l  is 

where r(t) is given by (111) and r ( t )  is complex noise .  This w i l l  l ead  

t o  a diagram descr ibing the  degradation of the  SNR ae a funct ion of t h e  

rate of change of radian frequency and w i l l  give an  expression f o r  t h e  

"critical" in t eg ra t ion  time, i.e., t h e  in t eg ra t ion  t i m e  which f o r  given 

rate of change of t h e  radian frequency maxirzizes t h e  SNR. Next w e  w i l l  

assume two points ,  one represent ing a s t a t iona ry  rece iver  placed a t  t h e  

o r i g i n  of a coordinate system and t h e  o ther  represent ing a moving source 

which r ad ia t e s  a s i g n a l  with constant  frequency. From geometrical  

consicierations w e  w i l l  f ind out w!iat is t h e  rate of change of t h e  rad ian  

frequency f o r  t he  s i g n a l  detected by t he  rece iver .  

re la t ionship  expressing the  c r i t i ca l  in t eg ra t ion  t i m e  d i r e c t l y  i n  terms 

of the  t a rge t  range and range rate vec tors  w i l l  be obtained. 

of these results w e  w i l l  be ab le  t o  descr ibe the  e f f e c t  of the  frequency 

deviat ion on the  SNR. Fina l ly  we w i l l  determine the  optimal i n t eg ra t ion  

time and the required i l lumina t ing  power. 

Then a 

On t h e  b a s i s  

The analys is  w i l l  be based on the assumption t h a t  of i n t e r e s t  are only 

small e levat ion angles and t a r g c i s  moving i n  hor izonta l  l i n e s  a8 can be the  

case if the system is used fo r  a i r - t r a f f i c  surve i l lance .  



-61- 

* 7.4.1. Sigcal to noise rat io .  Suppose the signal given by 112 and 111 

is Integrated from -7/2 to 7 1 2 ,  1.e.) 

The variance <(f IT) of v($lz) will be given t, 

For the output SNR defined ns  
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(note that fd i s  the fcequency associated with Lhe s i n g a l  r ( t )  r ight  i n  

the middle of the integration interval; i t  can be shown that 

asscmes its maxjmal value at f = fa) one obtains 

({ IC) 

. 

: here 

and 
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The dependence of t h e  Sh2 on t h e  i n t e g r a t i o n  t i m e  7 is i l l u s t r a t e d  

in Figure 20. As can be seen t h e  o u t p i t  SNR is maximized for u = 1, hence 

is the "critical" i n t e g r a t i o n  time. 

J ,  I 1 I I I I I I I I I I I I -  - 
1 QZ a4 h6 Q8 1.0 2.0 30 

(li9) 

'z 

FIGURE 20. SXR DEPEXDZXE ON TIIE IXTEGRATION TTXE. 

The diagram i n  Figure 20 which r e p r e s e n t s  t h e  dependence of t h e  SNR on 

t h e  i n t e g r a t i o n  t i m e  7 f o r  fixed ,a c m  be used t o  o b t a i n  another  

i n t e r e s t i n g  diagi-am showing t h e  f u n c t i o n a l  dependence of t h e  SNR on t h e  

rate of t h c  rad ian  frequency swcep /u  f o r  f i x e d  z 
given i n  Fjgure 21. 

. Such a diagram is 
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I I I . I I I I I I 

02 a4 0.6 OB 1.0 20 50  

FIGURE 21. SNlg DEEIlDENCE ON THE RATE OF C U i i G E  OF 
RADIAN FXEQUEICY FDR FIXEa LXEGRATION TLXE 

The expression 

5NR F(u) = - 
p%o 

is nothicg bct the r a t i o  

signal with rate  of the radian frequency sweep, ,LA , during t i m e  7 
and the ShT uhich would have been obtained i f  there was no frequcmy 

sweep, i . e , ,  for = 0. Therefore it  gives  the degree of degrad; t ion  

of the SNR due t o  the variation of the frequency, and w i l l  be ca l led  

hereafter “degradatioq rat io” .  

of the SNR obtained by the integration of a 



7.4.2. me rate of change of the  radian frequency of the signal received 

from a moving source_. 

rata of change of the  radian frequency of the  slngal receivedfirola a moving 

6ource is re lated t o  the posi t ion and velocity.  

Our next object ive will be to determine how the  

For that purpose let us 

assme that we have a s ta t ionary  receiver  placed at  t he  point Rs (see 

Figure 22) and a.eource whic';l a t  t = 0 gasses through t h e  point Ts. 

FIGURE 22. RECELVZR - ? W I N G  SOURCE G E O X X R Y  

Let ,  as shown, the  vector posi t ion of t h e  point T be deonted by xo, the  

the  source veloci ty  vector (we assume that i t  is independent of time) by 

V and t h e  source position a t  a rb i t r c ry  moment t by x. 

8 

- 
By def in i t i on  0 



-66- 

where c3 is the doppler frequency shift  of the signal, l .e.,  

- 

Hence, for t - 0 

Since 

(123) yields 

For targets moving along hxizonta l  l inei expression 125 assumes the form 



-67- 

FIGURE 23. PROJECTION OF THE MOVING SOURCE - 
RECEIVER GEOANETRY OX T€E HORIZONTAL PLANE 

In the case when only small e2evatf.on angles are of interest, cos a can 

be approximated by unity and (126) simplifies t o  

where 
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is the  tangent ia l  speed of t he  target .  Applying 120 we f ind  thq t  the 

critical integrat ion t i r u e  f o r  th3-s case is 

(129) 

Plote that the relatiol; 

a critical in tegra t ion  

129 assoc ia tes  with each point  of the R - V 
time, i.e., it tells  us how long to  in t eg ra t e  a 

plane 1: 

signal coming from a source a t  range R with tangea t ia l  speed Vt i n  order 

t o  obtain maximal SNR. 

7.4.3. Representation of the  degradation r a t i o  i n  the  range speed plane 

of the  system. As can be understood from the  above, any echo s i g n a l  due 

t o  a ta rge t  a t  rano,e R and with tangent ia l  speed V w i l l  be charzcter ized t’ 

with the  r a t e  of change of radian frequency given by (127). 

On the  other hand, as w i l l  be shown soon, the  in tegra t ion  t i m e  of t he  

usefu l  energy, 2 ,  which accounts f o r  the  minimal SNR is a l s o  a function 

o€ R and Vt - besides i ts  dependence on the  inLegration t i m e  of t h e  

I system, 

of the R - V, plane a value u (see 118) and c0nsequentl.y a corresponding 

degradation r a t i o  r a t i o  F(u) = F(R, Vt). Clear ly  then, the  actual post- 

integrat ion SNR w i l l  be a product of the expression f o r  MSNR, given by 

(102) and the degradation r a t i o  F(R, Vt), i .e. ,  

TI. Hence fo r  given 7 , it can be assigned t o  each point 
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In the following w e  w i l l  examine the properties of F(R,Vt). 

(98) with ( 5 5 ) ,  w e  find that the integration time of sseful energy, z, 
Comparing 

which yields the desired MNR as defined is given by 

R x 
% 

z =  

Figure 24 i l lustrates  its distribution i n  the R-Vt plane. 

FIGURE 24. DISTRIBUTION OF THE T FOR 
FIXED INTECIUTION TIPIE. 

REPRcWJCIBILITY OF THEj 
ORIGWAL PAGE I8 
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The equation 

= cons tan t  (132) 

which assumes t h e  form (1271, (131) 

( for  t he  shaded area i n  Figure 24)  

( for  t he  region atove t h e  shaded area i n  Figure 24) 

determines i n  the  R - Vt plane a set  of curves with t h e  property of 

connecting all po in t s  (R, V ) having the  same degradatLon r a t i o -  

The curves fo r  c = 0.5, c = 1.0 and c = 1.5 are shown in Figure 2 5 .  

The value F(c) associated with each of them is  the  corresponding 

degradation r a t i o  (compare with Figure 21). F i g u r e  26 gives the 

& 
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ODZ 
T 

R 

FIGURE 25. CONTOURS OF THE DEGI'JUIATION RATIO 

degradation ratio F(u) = F(R 

Vt = kR/2D TI. 
R approaches the dashed curve i n  the Figure. 

Vt > AR/2D T,) along and LYove the l ine  

It can b e  shown that i t  osc i lates  around and for large 

I 

3 B 2  
h 

I C  

72 DZ 
h 

R 

FIGURE 26. LIXGE DEPENDEXE OF TIIIS DEGRADATION IWTIO. 
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7.4.4. 

Figure 25, the effeit of the frequency deviation of t h e  reflected signal 

has no significance for ranges smaller than 8n /x . 
required uaximal range R = R 

Optimum intecration time of the svstem. As can be seen from 

2 Rlerefore, if the 
2 is such that Rmax < 8D / A  , then for 

UlaX 

determining the optimal integration time Z, and the 
transmitting power P one can use the relations (139) 

for maximal ranges greater than 8D /x the effect of 
t 

2 

corresponding 

and (ilG) . However 
the frequency 

deviation must be taken into account since part of the region of interest 

w i l l  enter in the area of high degradation if the integration time is 

chosen according to (109). Such a situation is depicted in Figure 27. 

- - -  - - I -  

FIGURE 27.  r?REAS OF HIGH DEGRADATION 



-73- 

2 I f  f o r  instance,  the maximal range is equal t o  30D / A  then because of 

the  degradation r a t i o  wlrich fo r  (R;ax Vimax) assumes a value smaller than 

0.1 (see Ftgure 26) i t  w i l l .  be necessary t o  employ a t  least 10 times 

greater  i l luminating power than tha t  calculated from (110) i n  order t o  

achieve the  indicated SNR. 

Before answering the  question how w e  should determine the  in tegra t ion  
2 time f o r  ranges grea te r  than 8D / A  we w i l l  show tha t  the  MSNR' (106) 

below the  dashed curve ABC in Figure 2 1  is not smaller than the  MSNR' 

at  the  point C (or  a t  the  point A which has the  same MSNR' as the  point  C). 

Note tha t  the  point B is exactly a t  the  crossing of the  curves 

(see (133) f o r  u = C 5 1 and R = RLX)* 



-74- 

The above w i l l  be proved if we show that (130) 

For the part AB (136) becomes 

lalong AB 

since the points between A and B lie above the line Vt * XR/2D TI 
where the PENR is inversely proportiL?al to V and is independent of R. 

Introducing the expression for the curve AB, i.e., (Figure 27) 

2 
t 



0.8 
u"-I 



-. _-. 

FIGURE 28. 8-V O W  SITUATION FOR TKX 1NTEGL':I IJ ' . i  T'iMe WICtl 
M I N h Z E S  THE REQUIRED POWER TO COWK TI?E SHADED AREA. 
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l%.j,gs 3.s because: (a) the integrathn t ime fa 143 is the critical 

iategrati-q the for the point (Itmx, B- 1 9  that is, the one -t 

mxb'  -. the )IsNR' at that point (129), and (a) the HsNlt' assochted 

with a d  tiw points in the shaded area - and therefore tstth t k  

points in the a r e  of intereet - is greater than or equal to that at 

integration t h e  and for the required iUuminating power in terms of 

the maximal range, Rmg, and the m-1 tangential speed (at R - Rax), 
vtleax 

J I 7* =zb= 



Wht2rt3 'Q is the resohtfon angle and 

For 8 glvea angufdr terolutinn 

transmitting antenna C, and bf s ta t i c  etoss-secrion of the targets, the 

aqua,ions (146) and (147) determine i n  the R-Vt p lane  a set of cumes wJ'.\ 

I( , wavelengt.. A ,  gain of the 

3s a parameter as shown i n  Figure 29. From these curves Aef fPtplin 



FIGURC 29. DEPDIDENCX OF THE RANGE-TILYCENTLAL SPEED COVERAGE 
ON THE INTF.CRI\TIO?J TIHE AND THE TRANSMITTED POWER - EFFECTIVE RECEIVIXG AREA PRODUCT. 



I 

I 

FIGURE 3Oa. SOLD ANGLE OF FIGURE 30b. DIPOLE SENSITIVITY 
COvERA<;Iz aiARACTERISTIC 

characteristic as that in Figure 30b can be considered suitable  for build- 

ing the array. 

(fcr smaller urn the gain is bigger), its value w i l l  be a campromise be- 

tween the maximal gain and the maximal detectable elevation angle. 

our discussions we w i l l  assume am = 20'. 

Since the angle an determines the gain of the eleaents 

In 



fective area of the element, pie find 

an8 for am = 20' 

8.2 Power Requiremeats 

Prom the dlscussioas in the previous section, it can be concluded 

that the system can detect 3 target at any given range R S  It 

that the transverse speed of the target i s  d l e r  Ohan (146) (147) 

provided Inax 



Rxpresslng the effective area of the eroay as a sum of the effective 

areas of the hdivldual  elements, l . e . ,  (U1) 

and Introducing (155) and (156) in (152) one obtains 

Letting 

NPt = q x 10 5 Watts x elements 



Combining (159) and (U3j we rewrite the expression for the integration 

time in  the form 

. 
b0.3; p 5 - 1 0 ' ~  

Case III:--2"961rm 8 X  
Y 

vt-lq 9"I 

( d s )  (9) 

327.060 0.188 

163.530 0.754 
109.020 1.696 
80.105 3.015 
57.316 4.711 

43.594 6.784 
34.610 9.234 

W s a t e d  values of Vt-/q and qoz for several max3nal ranges, R-, 

and fOt each of the w e 8  ia (154) are ghen in  Table 3. A graphical 

* 

b 0 . 3 ;  y=~.5*10'~' 
8X Case IV:-g33& 
71 

v-/'i V I  

( d s )  ( 8 )  

163.530 0.188 

81.765 0.754 
54.510 1.646 

, 40.882 3.015 

32.706 4.711 
27.255 6.784 
23.361 9.234 

-.c- 

RU&X 

(km) 

25 
50 

75 
100 
125 
150 

28.328 112.060 ! 20.441 

'-5 xp0.2; y=S*lO 

ase I:%= 6 4 h  
Y 

12.060 

1s 

(ds) 
tB18X 

145.360 
72.680 
44.760 
29.070 
20.800 
15.820 

lt5 I 12*560 
200 10.280 

-- 
q''1 

( 8 )  

0.424 

--- I_ 

1 696 
3.816 
6.784 

10.690 
15,264 
20.776 
27,136 --- 

- 
?.=S.L, y=2;5*10 -3 

. P S ~  II:y2561rm 81 
r -- 

vtmax/q 

( d s )  

72.680 
36.340 
24.226 
18.170 

14 , 536 
1 2  113 

QTI 

( 8 )  

0.424 
1 696 
3.816 
6.784 

10.600 
15.264 

10.383 20.776 

9.085 i27.136 
TABLE 3 MAXIrLAL DETECTABLE TiiANSVERSE SPEED; REQUIRED INTEGRATION 

TINE DEPENDENCE UIU T i i L  DETECTION RANGE OF T U  SYSTEN. 
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rtapresentxeisa of (U9) and (160), again for each of the cases fa (lsil), 

b given in F-rs 31. As cm be understood, the descending c u m  Cot-  

q, while the pstmdiag ewves sarrespsd to qrI. The 
2 dashed verticals denote the  dbtance 8A/y for the cases I d IZI. 

order to  i h lusc ra t e  how one can w e  the results in Table 3 or  in Figure 31, 

we tiwe an @xampla. 

EXAWLE: 

'In 

Suppose, 6u1 air-traffic coatrol appl ica t ion  r equ i r e s  detec- 

tion of a i r c r a f t  according to the following spec i f i s a t ion :  

R 

0 - 2 5 h  
25 - 50 km 
50 - 100 km 
loo - 150 lcm 

(Such a spec i f ica t ion ,  where t h e  required de tec tab le  trwwrse speed de- 

creases w i t h  t h e  d is tance ,  is meaningful, r i nce  i t  is reasonable t o  expect 

that the  angle between the  a i r c r a f t  path and t he  l i n e  of s i g h t  - for an 
a i r c r a f t  approaching o r  leaving the  a i r p o r t  - becomes smaller a t  g rea t e r  

distances.)  From Table 3 we f ind  f o r  the f i r s t  case (case I): 

R,< 25 Ian: Vtmax/q = 200 /q=  145.36 ->q = 1.376 

R b  50 km: Vtmax /q = 15OIq = 72.68->q 2.075 

P i 100 km: VtmaY/q lOO/q = 29.07 ''9 3.440 = qui* .. 
R b  150 km: Vtmx /q = 5O/q = 15.82 ->q = 3.161 (162) 

Consequently the required product of t h e  number of elements and the  t rans-  

mitted power (134) w i l l  have t o  satisfy 
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(For hstaaee, if the  transmitted power is 100 watt8 = the required n e  

bar of elements will be I - 3440. 
t b  required product E3pt will be half as large; i . e . ,  

Watts x dements.) 

that t he  maxlntal detectable  speeds Vtmartas, 

for the range domains (a) R C  25 lan, (b) R s  50 km, (c )  R s 100 lun and 

(d) E L <  I50 Itm - with only olne in tegra t ion  t i m e  in each w8e - and the  

correapolndiag Integratfon times T 

l.0~8 (see Figure 32): 

In t h e  tats@ of synehronoue, detect ion 

3 = J.72 x 10 

we find 
* Going back t o  Table 3 with q = kn P 3.44 

Vtmass!30' VtmrutlOO - vtglax150 

are as fol- 125' '150' '1100' and TIl.SO 

x 145.36 - 500 m/s 

x 72.68 * 250 d s  

x 29.07 = 100 m/s 

v t a a ~ ~ ~  $in x 15.82 = 54.44s 

vtmcllr25.' QHlin 
vtmaxsO - %lln 

vtraaxloo = 9min 

for R S  25 Ian 

f o r  R 4 50 km 

for R b  100 km 

for R < 150 km (164) 

* 0.424/qmin= 0.l23 seconds 

= 1 . 6 9 6 / b  - 0.493 seconds 

* 6.784/11m, - 1.972 seconds - L5.264/qmin p 4.437 second* 

'1 25 

5 50 

TI 100 

zr 150 (165) 

Comparing the diagram i n  Figure 32 (or the results (164) with (161) we see 

that i n  order t~ cover the  required region in the R - V, plase we  need 

only 3 d i f fe ren t  integrat ion times, 1.e.. '150' 'I100 and '1150 i n  (165) 

Repeating the same procedure for  hie other  ceses w e  obtain the  follow- 

ing r e su l t s :  

* 
The assuniption is that  de t m d  t o  keep the produce let as small os possible;  
i t  I s  possible ,  of coutrd, t o  choose bigger q than q min' 
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FIGURE 32. REGIONS OF COVERAGE 

5 Case 11: (MPt)min * 5.504 x 10 watts x elements 

(2.752 x lo5 - for synchronous detection) 
= 0.308 s; VteO = 200 mfa 

= 1.233 a; Vunaxloo - 100 m/s ‘150 
no0 

‘1150 a 2.733 8; vtmaxls0 = 66.7 m/s 

5 Case 111: (NPt)d = 1.249 x 10 watts x elements 

(0.625 x lo5 - for synchronous detection) 
‘150 - 0.604 s; ?tmax50 
T 

200 m/B 

20414 8; Vtmxlo0 100 m / S  I100 
TI 230 = 5.438 s; Vtmx15* 54.4 m/e 

5 Case IV: (NPt)min = 2.446 x 10 watts x elements 

(1.223 x los - for synchronous detection) - 0.308 e; VemxljO - 200 m/s 

= 1.233 s; VtmaxlOO - 100 m/s - 2.773 s; Vtml;xlSO - 66.7 m/s 

‘I 50 

‘I 100 
’I 150 

8.3 Number and Position of the Beams 

(167) 

The array is here assumed to bc distributed over a horizontal 
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cirrcdar region. 

a r ray  focused a t  i n f i n i t y  is usual ly  described in term8 of the  coordt- 

m t e a  8 and 4 of a spherfcal-coordinate system, or in terms of t he  coordf- 

nates u and v of the  so-called shC-space. 

coordinates 0 and 4 of t h e  spherical-coordinate system and the  coordinates  

u and v of t h e  sin8-space is given by 

The r ad ia t ion  (or the  s e n s i t i v i t y )  pa t t e rn  of a planar  

The r e l r t i o n s h i p  between the  

i.e., by the same r e l a t i o m  which perform one t o  one imaging of t he  po in t s  

011 a unit hemisphere onto a plane (see Flgurs 33). 

t / 

PIGURE 33. PROJECTION OF POL' - ON A HEMISPHERE 
ONTO THE PLANE OF *riJE ARRAY 

A well known f ea tu re  of the sin0 -space is t h a t  the a r r ay  pa t t e rn  

shape is invariant  with respect  t o  t h e  d i r ec t ion  of scan. This, and the 

r e v e r s i b i l i r y  of the  transformation (169) which can be c a s i l y  visuali7e.d 
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by the repraientatioa Ln Figure 33 w i l l  considerably simplify our t ask  

t o  datermlae the requtred number of beams and the  angular pee i t idn  of the  

besune xmxima; we can solve the  whole p r 0 b h n  by working only in the  u - v 

plane where the closed curve connecting the  3 dB points  of a given beam 

is invariant  t o  the  beam posi t ion.  

It c811 be eas i ly  &own that the  3 dB curve corresponding t o  a cir- 

cular array w%tb equally d is t r ibu ted  elements is a circle, of diameter 

y = X/D, in the  u - v plane. 

such a way that the dretance between the  neighbors is  approximately the  

3 dB beamwidth, Le., y; the  problem of d i s t r ibu t ion  of thz beams reduces 

t o  problem of d i s t r ibu t ion  of c i r c l e s  of diameter y. For convenience w e  

w i l l  r e f e r  hereaf ter  t o  the  3 dB circles as "beams". A slmple d is t r ibu-  

tion of the  beans - within the  so l id  angle 0 i n  Figure 30a - i e  shmn i n  

Figure 31. 

outside c i r c l e  the  neighboring beams j u s t  touch each other ,  the  beanis i n  

the fneide circle overlap. 

overlapping iu i ~ o w r v e ~  l u i d u t d  sine& the  ins idc  c i r c l e  Is only 6% smallar 

(in diameter) than the outside.  ilividing 2n by y - 5 x and by 

y = 5 x 

and 2514 azimuthal resolut ion c e l l s  wt:h 200-wavelength and 400-wavelength 

arrays, respectively.  Sirnilat Ly, dividing 1 - cosa = 0,06031 ( for  

a = 20') by 5 x we f ind tha t  t';e region between the 

c i r c l e s  (1) and (2) I n  I ' iyure 34 can be divided inLo 1 2  and 24 levat ion 

resolut ion c e l l s  for  200-wavelength and 400-wavelength arrays,  respectively.  

Thus, the  t o t a l  number of beam w i l l  be 

Since w e  w a n t  the  beams d i s t r ibu ted  in 

A c h a r a c t e t i s t l s  of t h i s  d i s t r ibu t ion  is that while in the  

For am = 20' (a8 wae assumed befor ' t he  

and by y - 2.5 x loo3 wc f ind  that one can aseociate  1257 

m 
and 2.5 x m 
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20+wavelength p.rr.?y: 

400-.wavelength a r r a y ,  

M = 1257 x 1 2  - 15084 

M - 2514 x 24 = 60336 

I " '  

FIGURE 34. D1K:IBUTION OF THE BEAMS A'' THE SINS-SPACE 

Assigning t o  each beam o p a i r  of i n d i c e s  ( i , j )  say i n  sud, a way 

that t h e  index "it' i s  a s s o c i a t e d  wizh :he e l e v a t i o n  r c s c l u c i o n  ce l l s  and 

increa*es from the  ouCside circle towards t:ie i n s i d e  circle, whereas t h e  

i n i e x  "j" is a s s o c i a t e d  with the a z i m t h a l  r e b o l u t i o n  ce l l s  and i n c r e a z e s  

i n  t h e  counter-clozkwiue d i r e c t i o n  startii-p, from t h e  upper s i d e  of t h e  

u-axib ( for  i n s t a n c e  t h e  shar; Y! bco,: i n  t h e  f i p - e  w i l l  be ass igned  

i n d i c e s  (2,3)), one can express  tne position of 1112 naximum of any beam 

i n  terms of the coord ina tes  w - s i n 0  and Q or fr. t c ? : s  of u and 9.'. l".m 

f o r  a 200-waiclcngth a r r a y  one can ,?ri te:  



¶%e elevation angles of the beams' -sxima, for 200-watrelengrh and 

400-wavelength arrays are given in Table 4. 

The 3 dB beamwidths - in elevation - at the staallast and at the lar- 
gest elevation angles are, respectively: 

200 wavelength array: 

5.732' (0.10004 radians) and 0.857' (0.01496 radians) 

400 wavelength array: 

4.052' (d.07072 radians) and 0.424' (0.00740 radians) (175) 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
ll 
1% 
3.3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

TABLE 4. ELEVATION B M  CENTER LOCATIONS. 

8.4 Focusing 

Proen (87) and (94) above w e  conclude that the s e n s i t i v i t y  of an end- 

fire focused circular array - along the direct ion of focrlsing - is  given 

where; P = array power out€ &, 

tween the radiating souwe and t h e  array, PT = radiated power, k = constant 

of proportionality, X = radiation wavelength and po = radius of t h e  array 

= focusing distance, 5 = distance be- 
SP 
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FIGURE 35. A R U Y  SENSITIVITY DEPENDFJCE FOR ENDFIRE POINTING 
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to the hyperfocal distance when focused a t  that dis tance  is taken as a 

noreralia- factor (zero a &n the f igure) .  

’phe ordinates at %/Q, a - 1 . . . 9, for the c w w a  presented in 

H g u ~ c  35, together wtth chase corresponding to focusiqg a t  t h e  hyperfocal 

distance, cre given in Table 5. 

+ ‘La19 Ra/8 5 f 7  546 %/5 544 %/3 R$a 54 
3.30 3.05 2.60 2.24 1.91 1.44 1.21 0.659 0.500 
3.86 3.40 3.05 2.75 2.25 2.15 1.48 2.00 1.00 
4.30 4-OG 3.82 3-24 3.36 2.64 4.50 4.00 0.500 

6.18 5.77 6.59 5-93 12.50 16.00 4.50 0.659 0.134 
E$46 10.90 10.55 24.50 36.90 12.50 2.64 1.21 0.360 0.076 

40.50 64.00 24.50 5.94 3.36 1.44 0.687 0.250 0.053 

5.- 

% 
#2 

%I8 

QD 

Since small e leva t ion  angles are of main interest for t h e  a i r - t r a f f i c  

control appl ica t ion ,  i.e., almost endf i t e  s e n s i t i v i t y  is involved, we 

will examine the  implicat ions of the  obtained results concerning such ap- 

p l ica t ion .  Going back to  our examples we f i n d  (96) 

Case I: = 1865 meters 

Case 11: % = 7424 meters 

Case 111: RH = 2784 meters 

Case IV: RH 11137 meters (177) 

We see t h a t  the d is tances  within vhich the  array has the  a b i l i t y  of de- 

termining the range of the  t a r g e t  by focusing are r e l a t i v e l y  small. If 

ranges smaller than those given in  (177) are of l i t t l e  i n t e r e s t ,  then fo- 

cusing a t  dis tances  other  than i n f i n i t y  shouldn‘t be considered. If on 
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the other hand ranges sesaller than those  given in (179) are of i n t e r e s t  

a w l  ff a cocrrse range determination I s  of practf za3. vdlue, then I t  w U . 1  

be meful to apply focusing. 

l500 meters, then t h e  useful focusing d is tances  for the cas- I1 and IV 

are: 

Thus if the minj.mal range of i n t e r e s t  is 

C a s e  111: E$,, - 5 4 2  = 5568 meters 

Rp2 %/4 = 2788 meters 

%/6 = 1856 meters $3 

We repeat  t h a t  t h e  results above were developed on the  assumption 

that &e a r ray  de tec t s  from endf i re  d i r e c t i o n  - which of course is not  

completely t r u e  i n  de tec t ing  of a i r c r a f t .  

t o  appear only a t  smaller dis tances  s i n c e  only then do the e leva t ion  an- 

gles of i n t e r e s t  become considerable. 

in the  d i s t r i b u t i o n  of the  3 dB focusing d is tances  cannot be expected 

s i n c e  the  hyperfocal d i s tance  by whish t h i s  d i s t r i b u t i o n  is determined 

(97) is only s l i g h t l y  dependent on the  e leva t ion  angle. 

Larger disagreements are l i k e l y  

However s u b s t a n t i a l  d i f fe rences  

9 .  SPATIAL COWLATION EXPERIMENTAL EITORT 

A modest experimental e f f o r t  is proposed leading toward the  v e r i f i -  

ca t ion  of the  microwave holographic array concept under development. 

Spec i f ica l ly ,  w e  propose t o  u t i l i z e  the ATS-6 s a t e l l i t e  a f t e r  its r e tu rn  in 

Summer-Fall of 1976 t c  the  Western hemisphere together  with s u i t a b l e  an- 

tenna-receiver modules t o  ver i fy  t h a t  an a r ray  of the  t y p e  considered i n  
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- OUT Microvave Eolographic k g i n g  System Design can be synchronized with 

the 8igua.l radiated from a synchronous-orbit satellite, permitting c o h e -  

'ent combination of the Bignals received a t  the  d i f f e ren t  elements of 
- -  

_ .  the array on the ground. 
. --. . The ground equiprcent vi11 consist e s sen t i a l ly  of two receivers witk 

h e  r e c e i v h g  an- 
* 

a c w n  locaf. o sc i l l a to r ,  but separate 2m antennas. 

h i m  w i l l  be-  fixed and one capable of being moved. 

&ts k c e n  will be with a steady sinusoidal L-baud rad ia t ion  from the  

iiitellite, measuring corre la t ion  of amplitude and phase s h i f t  va r i a t ioos  

. 0f'the.receiVed signals.  Measurements would Se performed fo r  a se l ec t ion  

. . .  
The basic measure- 

- ._ . - -  - .  . . .. 

- _ . .  - . 

- _ _ .  . . . . .  . . - .  
of- receiver separations (vector posit ion differences). 

strength, fading and phase coherence properties of the sa t e l l i t e - a r r ay  

j&metj- are established, the extent t o  which d i rec t iona l  beams can be 

Once t he  signal 
- -  :-. - 

. .  . . . -  

formed based on such synchronization can be assessed and l i m i t s  on ar ray  

size can be specified. 
. _  _ .  

-... . .  . -. - The conduct of t h i s  experiment should f i t  i n  ra ther  s t r s igh t fomard ly  

with the operational routine of t he  ATS-6 satellite. A convenient loca- 

tion of the receiving antennas w i l l  be a t  our Val ley Forge Research Lab- 

oratory si te in suburban Philadelphia (approximate location: 40'N. Lat., 

75.5' W. Long.). 

imately 625 f t .  elevation) with clear view i n  a l l  directions.  

s a t e l l i t e  was or ig ina l ly  scheduled t o  be located a t  95' W. Long. i n  t h e  

The laboratory is located a t  the  top of a r idge  (approx- 

While the  

time period of i n t e re s t  (beginning Smier-Fall  l976), there is apparently 

* 
A 2m antenna s h o u l d  provide abou t  28 di\ SNR upon :'ne s a t c l l i t c .  signal, 
assuming  OW tra:ismittcr power and h 30 f t .  antenru. 
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@me doubt at  present  as towhere  i t  w i l l  be located.  Line-cf-sight ele- 

vation angles for a v a r i e t y  of satell i te 1.ongitudes have been c a l c u l a t e d .  

ae saosRI fn Table 6. For a l l  these  loca t ions  good v i s l b i l i t y  is achieved 

75.5 
90.5 

105 . 5 
l20.5 
135.5. 

ELEVATION G G L E  
(Degrees) 

43.75 
4 1  . 20 

34.40 
'24.92 

14  . 10 

TABLE 6.  ELEVATION ANGLE FROM VFRC TO STATIOXARY-ORBIT 
SATELLITE As FUXCTION OF SATELLITE LOXGITUDE. 

The experimental equipment t o  be assembled is I l l u s t r a t e d  by t h e  

block diagram of Figure 36. The equipment is i n  general  similar t o  t h e  

radio camera a r r a y  modules used f o r  previous experiments a t  VFRC. The 
* 

met important d i f fe rence  is t h e  s h i f t  i n  opera t ing  frequency from 1068 !4Hz 

t o  1550 MHZ ( the  L-band down-link frequency of t h e  ATS-6 communications 

subsystem). 

equipLent cos t s  . 
This accounts f o r  the  major component of t h e  experimental  

As f e r  as con t ro l  of t he  satel l i te  emission is concerned, a l l  tha t  

is reqrtired f o r  an  expe r i r sn t a l  run is t 9  point  the 30-foot d i sh  a t  the  

Valley Forge Research Center s i t e ,  then key on t h e  L-band t r a n s n i t t e r  i n  

* 
See VFRC Quarterly Progress Reports Nos. 1 t o  15:'also "Valley Forge 
Research Ccater Adaptive Array", B. D. Steinberg with E. N .  Powers, 
USKC/LJKSI Annudl :4ectinz, Boulder, Colorado, Uctcbcr 1975, a l so  "Desigii 
Approach for a 11igIi Rcsolutton ?ficrowaw Imiging ! W i o  C:3rnera", B. D. 
Steinberg,  Journal of the Franklin I n s t i t u t e ,  Dccclnbrr 1973. 
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FIGURE 36, B U C K  DIAGRAl-1 OF LXPERIMENTAL EQULPPIENT 

an unmodulated CW mode ( e i t h e r  s e l f - s t a b i l i z e d  o r  locked t o  a s t a b l e  

t ransmission from one of t h e  ground s t a t i o n s )  f o r  predetermined time in-  

tervals. 

f ive  o r  t e n  minutes dur ing  which t h e  s a t e l l i t e  would b e  keyed on and off 

It would appear s u f f i c i e n t  t o  p l a n  f o r  t o t a l  run  d u r a t i o n s  of 

a t  i n t e r v a l s  of timc ranging from one t o  ten seconds. Telephonc contac t  

should be s u f f i c i e n t  between VFRC and t h e  ATS Operat ions Control  Center 

t o  a le r t  o p e r a t o r s  as t o  readiness  of equipment f o r  new emissions.  ("Rea- 

diness" c o n s i s t i n g  of moving one of t h e  antennas,  p o i n t i n g  i t  i n  t h e  r i g h t  

d i r e c t i o n ,  and checking s t  is of equipment and l e a d s ) .  

Processing of d a t a  obtained should be very s t r a i g h t f o r w n r d .  Correla-  

t i o n  c h a r a c t e r i s t i c s  of a m p l i t u d e  f l u c t u a t i o n s  with t h e  and ncan and var- 

iancc  of phase f l u c t u a t i o n s  a r e  r e a d i l y  obtained.  Careful mcnsuremcnt of 
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antenna spacing must also be carried out associated with the electrical 

amplitude and phase measurements made so as to permCt assessment of ex- 

pected performance of a large array. 

1000 feet in various directions can be provided convenltntly at our W R C  

site. 

Antenna spacings of the order of 


