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ABSTRACT 

Techniques are described for processing 
the signals obtained from the elements of a 
phased array antenna by means of electro-op- 
tical devices.  These techniques employ one 
electro-optical device which simultaneously 
forms, as a continuum, all the beam patterns 
that a receiving planar array antenna is ca- 
pable of forming.  An analysis of an electro- 
optical processor for phased arrays is pre- 
sented which shows that:  (l)  The target lo- 
cation angles are obtained unambiguously for 
each and every target that can be resolved, 
(2) Target angle resolution is identical to 
the resolution inherent in the antenna array, 
(3) Multiple targets produce multiple outputs 
with all angles properly associated, (4) The 
progressive envelope delay that is   introduced 
at the antenna array does not result in an ap- 
erture-bandwith constraint. 

Physical constraints on system bandwidth 
and the number of array elements that can be 
processed  are  considered.   Typically,  it 
should be possible to process electro-opti- 
cally 10,000 array elements  with  a  system 
bandwidth of 10 Mcs. 

T-1/199 -ii- 



COLUMBIA UNIVERSITY-ELECTRONICS RESEARCH LABORATORIES 

AUTHORIZATION 

The work described in this report was per- 

formed at the Electronics Research Laboratories of 

the School of Engineering and Applied Science of 

Columbia University, and the report was prepared by 

L. Lambert and M. Arm. 

This project is directed by the Advanced Re- 

search Projects Agency of the Department of Defense 

and is administered by the Air Force Office of 

Scientific Research under Contract AF 49(638)-1113. 

Submitted by: Approved by: 

L, Lambert 
Laboratory Supervisor 

>V5JI ~-—• 

p     L.^H.   O'Neill 
' Jö< Associate  Dean 

Director 

T-l/199 •111- 



COLUMBIA UNIVERSITY-ELECTRONICS RESEARCH LABORATORIES 

TABLE  OF  CONTENTS 

Paqe 

ABSTRACT 
ii 

I. INTRODUCTION 1 
II. THEORETICAL CONCEPTS AND PAST RESULTS 3 

A. ELECTRO-OPTICAL SIGNAL PROCESSOR 
CONCEPTS 

B. ARRAY ANTENNA WAVEFORMS AND  IN- 
HERENT CHARACTERISTICS 

3 

15 
III, 

IV. 

v. 

ELECTRO-OPTICAL PROCESSORS FOR LINEAR 
ARRAY ANTENNAS 

A. SPATIAL MULTIPLEXING TECHNIQUE 
B. TIME-DELAY MULTIPLEXING TECHNIQUE 

ELECTRO-OPTICAL PROCESSOR FOR PLANAR 
PHASED ARRAYS 

A. RESPONSE CHARACTERISTICS 
B. TYPICAL SYSTEM PARAMETERS FOR 

SQUARE ARRAYS 

REFERENCES 

19 

19 
28 

35 

35 

38 

41 

T-i '199 
-iv- 



COLUMBIA UNIVERSITY—ELECTRONICS RESEARCH LABORATORIES 

LIST OF FIGURES 

Figure No. Title Page 

1 Spatial Modulation and Fourier 
Transformation 3 

2 A Debye-Sears, Spatial Light Modulator     8 

3 Electro-Optical Spectrum Analyzer 
(One-Dimensional) 10 

4 Light Intensity Distribution in the 
Image Plane for a Sinusoidally 
Excited, Ultrasonic Delay Line Light 
Modulator 13 

5 Linear Array Antenna Signals 16 

6 A Spatially Multiplexed Light Modulate-   20 

7 A Spatially Multiplexed, Electro- 
Optical Processor 21 

8 Output from a Spatially Multiplexed 
Processor 25 

9 Output Fine Structure for a Spatially 
Multipltixed, Electro-Optical Processor  26 

1Ü Time-Delay Multiplexed Electro-Optical 
Signal Processor 29 

11 Output From a Time-Delay Multiplexed 
Electro-Optical Signal Processor        32 

12 Planar Array Processor 36 

13 Two-Dimensional Output from a Planar 
Array Processor 37 

T-l/199 -v- 



COLUMBIA UNIVERSITY-ELECTRONICS RESEARCH LABORATORIES 

INTRODUCTION 

in the sense ^h.?;^^^011,13 a three-dimenSional circuit 
tics of ^r..     a complete description of the characteris- 
intensitv  al^T^r-1^01^3 the sPe^fication of the light intensity, as a function of time, at each point in th« ntil~l 

H = ^  i ; ^  ( '-^c^it which is a one-dimensional device anri 
^ItaSs at th^r1^80 5y the terap0ral varia?IonroJC?hend 
is also a^^ i PU  and OUtput ports-  An antenna aperture 
tion^r^  r  lmenS10nal circuit except that in conven- 
tional reflector antennas, a single feed point is used to 
illuminate the reflector surface with a time varvin^f'   i 
so that the cognation of feed and reOectL rSLSL tH 
one-dimensional circuit,  m a typical nha^Pd -!r™ 
separate elements are positioned^ a P?anrandS^tSnal 
of each element is available for purposes of processing inH 
observation as a function of timeP ?hus! an ar^ay antenna 
and an optical configuration are both th^ee-dimensionarcir 

by'the'efementrof^ Xlll  t0 PrOCeSS the -^^"Scii^d" Thi« ?«?o^    •   a phased array may have some advantages 
This inference is made still more plausible when it is real 

anf ^hat th? excitation of the elements of a Sased array 
and the resulting radiation pattern form Fourier transform 
pairs  and that the image plane and obi act plane liaht   in- 

PA tilllToT^Lr  ^ OPtlCal -nfigSratio^^L^orm 

o>.^-Te?^iqUeSuWi11 be desoribed for processing the signal 
obtained from the elements of a phased array by means of 
electro-optical devices.  These techniques employ one opti- 
cal device which simultaneously forms, as a continuum III 
the beam patterns that a receiving array antenna is caoabL 
of forming.  This differs significantlyYfrSm?he case o? a 

Se0r?orma? ofirau:^37 T™  P—^ where^iSultaneoSs oeam formation is quantized since each beam must be formed 
in a separate electrical circuit.  This basic difference is 

ticaiedev?c2r?rnCe 0f ^ thr—dimensional nature Sf op! 
elellrta  Jrr-i.   COmpared to the one-dimensional nature of 
electric circuits.  The unique beam forming capabilitv in 
herent m certain electro-optical devices will^e discus^d. 

T-l/199 
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nhacJ? ^  assumPtion that electro-optical processing of 
cal v.info3^31^913 " Possible. would it be of any practi- 
founri  V  .manY array radar applications it has been 
reception  ??VÜ U?? T^"^ arrayS for transmission and 
uct S ?":  I ^S Wel1 known that in a search radar the prod- 
y.?r\S     txfnsmitter average power and receiver area is fixed 
by the nature of the search problem.  Therefore, without af- 
tectmg radar performance, the transmitter array can consist 
1B  us^^OWiPOWer elements or few high power elements.  it 
is usually less expensive to build and maintain a few hiah 
l™t     transmxtting elements than many low power ones.  How- 
ever, if the transmitter array has fewer elements than 
the receiver array, it will have a broader beam pattern   If 
full use is to be made of the transmitted power, a number of 
receiver beams must be formed simultaneously in order to col- 

add?Moe.?nerg^ frT a11 partS 0f the transmitter beam. The 
networS L^of a"d,maPenance of the receiver beam forming 
networks and of their associated signal processing ecru oment 
usually offsets the potential saving in transmitter co^tand 

Sf'h^rSolr^i Can.be realized by the ***  of  a small nuSr or nign power elements. 

Now, since one optical device can form all the beams of 
the receiver array simultaneously, it becomes possible to 
use transmitter arrays with smaller numbers of high power 
elements without incurring additional receiver costs   it 
wmA ?   pracilical  to provide the electro-optical "device 
with a time waveform processing capability so that, when the 
array transmits a suitable complex waveform, pulse compres- 
sion can iDa simultaneously accomplished. 

Furthermore, the beam forming capability of the electro- 
optical signal processor is not affected by the progressive 
envelope delay that is introduced at the receiving array 
\a dlff:ct consequence of this inherent processor charac'er- 

istic  the corresponding aperture-bandwidth constraint is"re- 
xieved.  The electro-optical signal, processor does, however 
introduce a constraint on the system bandwidth and the num- 
oer or array elements that can be processed   Typicallv  it- 
should be possible to process electro-optically 10,000 array 
elements with a system bandwidth in excess of 10 Mcs^ 

T-1/199 
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II •  THEORETICAL CONCEPTS AND PAST_,RESUIgS 

The phased array signal processors that will b« consid- 
ered are based, in part, en certain well e^f ^^/J^^0 

optical concepts and on previous experimental ^s^s that 
have been obtained at CUERL.  This background is frrst re- 
viewed so as to establish a firm and proven th«oretic?1. J^" 
da?iSn  The  applicable electro-optical processor techniqi:es 
are then presented in succeeding sections along with a dis- 
cussion of the typ.cal system parameters that appear feasi- 
ble at this time. 

A.   RLECTRO - OPTTCAL SIGNAL PROG£SSOR_CONCEPTS 

As was originally implied by Abbe1 when he developed 
his theorv of optical resolution for coherent illumination, 
optical systeP

ms are capable of processing information 
Recently, optical systems have been described in the litera- 
ture"-« in ?erms of filter and communication theories  It 
has been shown that, in addition to the ^f^tlTofTree- 
variabla  optical systems provide two more degrees of free 
dorn tn the form of physical dimensions orthogonal to the di- 
rect iSn of light propagation.  Also, it has been shown that 
ITAOTB  planel in an optical system are related by two-di- 
mensional Fourier transforms^^2 so that integration and fil- 
tering can be accomplished. 

In order to synthesize a signal processor by employing 
ootical techniques, the input signal must first be converted 
?o as Lnal which  s capable of spatially modulating light . 

Conv.Ä of this natLe have been -^^J^Sl^dS" 
ic film12-14 but this results in a considerable time delay cue 
to the film processing time that is required, and serious con- 
s?raints are imposed on the system due to the requirements of 
a  lllhll   film transport mechanism, a flat and uniform tilm, 
etc   For certain applications these disadvantages can be cir- 
cumvented by employing transparent ultrasonic delay line^^ 
which act as "instantaneous" spatial light modulators. 
Specifically, research efforts at CUERL ^! ^J^^StrO-" 
onstratinq the feasibility of employing  real-time  electro 
Tt'cal"ichniques to obtain wideband instantaneous spectrum 
analvzers, autocorrelators, crosscorrelators, pulse corapres 
TiolTylt*™  and two-dimensional filters   The basic electro- 
optical spectrum analyzer technique is discussed below 

1 For numbered references, see Sec. V, p. Hi. 

-3- 
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and is extended in concept in Section III to provide a sig- 
nal processor which simultaneously forms and displays a con- 
tinuum of the beams obtained from a planar phased array re- 
ceiving antenna. 

1.   Optical Transfer Functions 

Consider a plane, sinusoidal, electromagnetic 
(light) wave propagating in free space along the z-axis a« 
shown in Fig. 1,  Let the amplitude of this plane wave be 
Ec  and let it be incident upon an aperture which contains 
an object located in the  x,y  plane (object plane).  The ob- 
ject can, in general modify both the magnitude and phase of 
the incident plane wave of light, producing a light ampli- 
tude^ distribution emanating from the object plane 

E0(x,y) = [Ec][T(x,y)]  . (i; 

T(x,. y)  is defined as the complex transmission function of 
the object and it can be written as 

E (x,y) 
T(x,y) - —  = A(x,y) exp[j^(x,y)] (2) 

G 

where  A(x,y)  is the relative amplitude, and  ^(x,y)  the 
relative phase of the light emanating from the object plane 

The light amplitude  Eifx'.y']  at a point in the 
image plane (Fig. l) can be shown1)s»^>is  to be related to 
the light amplitude distribution emanating from the object 
plane  E (x,y)  by 

In this report, the term "amplitude" is defined as the 
complex amplitude (magnitude and phase) of an optical signal 

T-I/I99 _,,_ 
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00 . . 

Vx',y)   = Ki     /  /  Eo(x,y)e^b^,x+y'y)dxdy (3) 

where K1     and b  are constants.  This is the well known 
Fraunhofer formula which relates the light distributions in 
the object and image planes by a Fourier transformation.  A 
more convenient form for this relationship can be obtained by 
defining a relative (or normalized) light amplitude distri- 
bution in the image plane which is given by 

E(u,v) - K  / / T^y^-^^^Wdy       (4a) 

where u  and  v are normalized image plane dimensions 
given by 

U S xi/FAL   ;,   v 3 y'/
/FAL     , (i|b) 

K is a normalising constant,  F  is the focal length of the 
integrating lens and  XL  is the light (carrier) wavelength. 

Thus, for the coherent optical configuration shown 
in Fig. 1, the relative light amplitude distribution in the 
image plane  E(x,,y')  is essentially equal to the two-dimen- 
sional Fourier transform of the complex transmission function 
T(x7yj  produced by the object (Eqs. (4)).  The complex trans- 
mission function for any object is equal to the light ampli- 
tude distribution produced by the object when the object is 
illuminated with a plane wave of light having unit amplitude 
(Eq.  (2)).  We shall refer to the object as having spatially 
modulated the incident light wave. 

By utilizing the Debye-Sears effect15'28,29 in a 
transparent, ultrasonic delay line, we can obtain an "instan- 
taneous" spatial modulation for a time varying input, signal. 
As a simplified, one-dimensional example of this spatial rnod- 

T-1/199 -6- 
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input slgLrdUi(tfn eScit« Jhe Sro1?" J» »■»P^.    ^e 
which vibrates In a loMituS?r,^ rP leftric1

transducer 

mechanical   vibrationa SI,,«  .  !     (c°mPreaslonal    mode.     Thes 

the deiay .edlS^S a"^^ ^eT" WaV
T

e
h!

0
D?r0PaSate  ln 

causes  a  correanonf^ n«  ^-u^^        7Fef^     s   *     The Pressure wave 
delay mediSm a^a   fun?t?on  S  ^  thfv

ref^^ive   index  of  the 
As   a result,   Jhe'inc^eirpL'ne^vfof'S. ^"^  Variable' 
(to  a  first  approbation)^  Spa^l ^Ll^lauT^oT^ 

tion    T(x)Ato?odiceS b^an^f^»0  ^^^  ^smission   func- length   S:/   a^S ^ ^r^^^g^^for of 

T(x)   - pD(x)   exp   j^(x)        . (5a) 

Here,   the   finite  aperture   length   is   accounted   for by 

1     for       I x | <  D/2 

PD(x)   =   / 

0     for       ! x | /  D/2 
(5b) 

Tt^r^tLTll rUlati0n Pr0dUCed ^ the  ^  signal 

■/'(x)   =  K  v(x/s 
I DC 

^   xs a constant for a fixed delay medium  oie^l^^ 
transducer and light wavelength.     eaiU1^ Piezoelectric 

Thus, at a given instant, the tran^ri-jv^r.^ , u. 

l^'^lSnifto'r "^^l^^"01 cin™"= "^ v-SngaIn- put signal to a proportional spatial phase modulation   a 

time progresses, the ultrasoniS wave propag^es'K^Se deLy 

1/199 
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FIG. 2 A    DEBYE-SEARS,   SPATIAL   LIGHT    MODULATOR 
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line so that new portions of the input signal are continu- 
OUSr7 ,, :Lnstantaneously causing the incident light to be 
spatially modulated with  a  transmission   function  given by 
Eqs. (5). ^     ^y 

2•   Electro-Optical Spectrum Analyzers 

The ultrasonic delay line light modulator (Pig. 2) 
when combined with a coherent optical configuration Fig  1 
and a suitable output photodetector, form the basic device 
that will be applied to the processing of phased array sig- 
nals.  This device continuously produces, at its output, the 
Fourier transform (spectrum) of the input signal.  A Schematic 
diagram of such a spectrum analyzer is shown in Fig. 3, 

In order to clearly visualize the output response 
of this device, consider the output that is obtained at the 
instant when a sinusoidal signal of arbitrary phase is con- 
tained in  the light modulator,  For an input signal 

v (t) =  V,. COS (27Tf.t + (6) 

the complex transmission function T(x)  produced by the 
light modulator is most conveniently written in te as  of a 
normalized input space variable defined by 

T = x/s (7) 

The complex transmission function for the delay line light 
modulator can now be written in the form 

T(T) PT(T)e 
j^  cos(27rf.T+0   ) 

(8a 

T-l/199 
-9- 
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where 

PT(T)    B 

1 

< 

for 1 T K -^T 1 1  2   i 

0 for 1 f IN   1 T 

(8b) 

^m =: K®Vo ~  modulation index  , (8c 

and  T - D/S  is the delay length of the ultrasonic light 
modulator for an aperture length  D  and a sonic velocity  s 

For this one-dimensional case, a convenient out- 
put variable can be defined by enient our 

f = us S x'(s/F7.L) (8d) 

so that the relative light amplitude distribution in th( 
image plane is 

E(f) = K  /  T(T)e~j27TfT dT   . (c (9a) 

Note that T is in units of time, f is in units of fre- 
quency and that f is proportional to actual distance x' 
"' t;^1

XTn*g! P^r &1*0'   the output photodetector mosaic 
oStSSt siana?  S^^ht-in^nSioY. I(f)  SO that the detected output signal  v(xI)  m Fig. 3 is proportional to 

1(f) =  I E(f) |2 (9b) 

at any instant in time. 

T-l/199 
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By combining Eqs. (8) and (9) with K = l/Ts we 
obtain the output signal shown in Fig. k,   where  l(f)  is 
plotted as a function of the output frequency variable  f . 
This output waveform is recognized as the power spectrum of 
the input signal when the modulation index fm    permits ap- 
proximating the Bessel functions  Jn(^m)  with the terms 
shown.  In fact, the condition that i'm K   0.3  radian is al- 
ways met for large dynamic range systems~so that the output 
signal l(f)  may be considered as being the power spectrum 
of the input signal. 

Note that the spectrum is symmetrical about  f = 0 

fringe which occurs at the focal point  (f = x' = 0) . We 
now see that it is only necessary to detect those output sig- 
nals which fall within a frequency band B .  This coverage 
band is shown in Fig. k  as being centered at  f0 }   the nom- 
inal carrier frequency of the ultrasonic light modulator. 
Of course, the power spectrum is not a function of the phase 
angle  0 

In practice, the frequency coverage  B  is limited 
by the bandwidth of the light modular.  Special transducer 
matching techniques have been developed at CUERL20-26^33 

which produce a 50 per cent linear phase bandwidth (B =1/2 f ) 

The integration time  T  and the output frequency 
resolution Af =  l/T  are limited by the characteristics of 
the delay medium and/or the maximum optical aperture length 
D  that can be used.  Experimental and theoretical investi- 
gations at CUERL20--26*33*34 has resulted in data which shows 
that water is a near optimum^ low sonic velocity delay medi- 
um. With available diffraction-limited three-inch optics 
and a water delay medium, experimental results were obtained 
at CUERL for a spectrum analyzer configuration.  These re- 
sults were essentially the same as those predicted theoreti- 
cally.  Typically, for an integration time (T) of 30 p.sec 
(3-inch apertures), the measured frequency resolution was 
Af = 20 keps across a phase-linear bandwidth (B) of 1.0 racps 
centered at  f0 = 20 meps.  This corresponds to a time-band- 
width product* of 300 with an integration efficiency close 
to 100 per cent. 

-x- 
The time bandwidth product of a spectrum analyzer is equal 

to the number of frequency resolution elements  N  contained 
within the frequency coverage, i.e.,  N = B/Af = TB . 

T-l/199 -12- 
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incornor^S  ?V ultrasonic  delay  line   light modulator, 
incorporated  into  a  coherent  configuration with  an  appro- 
Sum  Jrif?       SOU^e  and Photodetector  is  a  realizable  spec- 
ta^onSu/f17-     ^f^^£g-^-^-e-"cy  coverage   app.ar.   ..Lm - 
iJ^KF^L n/^0^1^"!1 ^ th^ outPut-    A1*0'  ^ relative 
covert     * e   f5^   ^gnals  within   the   finite   frequency 
coverage     B     are   cxosely predicted by ^ ^ 

I
1(f)   -    I^Cf)  I2 (10a) 

with 

CO 

V^   S  K     /     Tja^e-^^dx      . (lob) 

For   an  output   signal  of  the  general   form 

v(t)   =. 2  vn  cos(27Tfnt +  an)     , (l0c) 

the pertinent complex transmission function can be written 
as 

1
1 v l ^ - Pip ^T J ^ a e -'v   n    n ^ 

n 
(lOd 

^rjv./" is the normalized modulation index, i.e., a =v /v 
and the normalizing constant is  K - I/T    Note thatnnm^V0 

ineEaf f 8b Wo^aTf i0n/^it3. (the del^y le^th ^ ^-n in ^q. [öü)   for a pulse of duration T 

This electro-optical spectrum analyzer and its , 
responding set of defining equations will now be applied to 

cor- 
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the problem of processing signals obtained from a linear 
phased array antenna.  In later sectionsj the optical system 
will be extended so as to utilize its second dimension and 
provide processing capability applicable to planar array 
antennas. 

B-   ARRAY AJSTENNA WAVEFORMS AND INHERENT CHARACTERISTICS 

The waveforms that are typically obtained at the ele- 
ments of a radar receiving array will now be derived.  Con- 
sider a reflecting target in space which is illuminated by 
a transmitted signal  VT(t)  having unit amplitude, a dura- 
tion T  and a carrier frequency  f  so that 

vT(t PT(t) cos(27rfct) (Ha) 

where 

PT(t) 

1  for  I t i < i T 

0  for  I t | > - T 

(lib) 

The signal that is reflected by the target reaches the re- 
ceiving antenna in the form of u traveling plane wave which 
is delayed by the round trip propagation time and shifted 
in frequency by the rate of change of this propagation path 
length.  For simplicity, we first consider the linear, uni- 
form array shown in Fig. 3. 

The incident wavefront is not received simultaneously 
by all array elements for targets having a finite location 
angle  9 ,  The signal received by the nth array element is 
delayed (relative to element zero in Fig. 5) by an addition- 
al amount given by 

nx, n(d sin 0/c) (12a) 

T-1/199 
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where  d  is the spacing between array elements and C= A f 
is the speed of electromagnetic wave propagation.       c c 

In addition, the received signals are amplified and 
then heterodyned to a convenient intermediate frequency as 
indicated in Pig. 5.  The resulting signal obtained at the 
nwi intermediate frequency channel can be written in the 
rorm 

vin(t') = PT(t')coS 27r[(fo+fd)t' - nTö(fc-fo) + 0i/27r]  (l2b) 

where     f = t - TR - nTQ , 
TR = range delay' = 2R/C , 
f0 = intermediate carrier frequency 
fd ~ Doppler frequency = - 2Rf /c , 
2R = propagation path length , 
R = target range for a monostatic system, and 
^  = phase angle which is independent of 0   n 

and  t . 

Note that the envelope (pulse) function is given by 

PT(t')   H    : 

|     1 for 1 t- l< |T 

0 for i t- l> *T 

(12c) 

with t' = t - TR - nTQ . This means that the time of oc- 
currence of any one signal is a function of target range 
target location angle 9 and the relative position of the 
array element which produced the signal. Thus, all signals 
do not occur simultaneously and for systems having a ]argP 
aperture-bandwidth product, signals at separated elements" 
may occur during entirely separate time intervals. 

The electro-optical processing techniques described 
below determine the location angle  9 , range  R  and range- 
rate  R without loss in resolution or signal-to-noise ratio 
due to the progressive envelope delay  T0 .  in fact  it is' 

■1/199 
-17- 
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^^"  t:hat  t*ese  Processors  are  capable  of producing all 
location  angles     9     as   a   continuum with   the   theoretical!- 
optimum  resolution     A0     that  is  obtainable   from  the  array. 

(unitl01^^0^' arr£y ^^oretlaal angle  resolution 
iunity  signal-to-noise  ratio     is  approximately equal  to  the 
peak-to-first null width of the beam pattern,   ie 

AS s ]     M    (cos e)      t (13) 

Here   (NdAc)  is the antenna aperture length measured in 
wavelengths and Nd cos 9     is the projected antenna apertSre 
as seen by the received wavefront.  Thus, the theoretical 
resolution width increases as 0     increases so that, as a 
practical matter, 9     is restricted to about + 45 deg. 

It can be shown that in order to properly form the re- 
ceiving beams, d = 1/2 Ac and a larg£ number of receiving 
elements  N  must be employed if low sidelobe levels are 

ntrXT\   A1Tl the  fidflobe characteristics of the antenna 
can be shaped by employing either a nonunlform illumination 
pattern or by omitting selected receiver elements is Tpseudo- 
random manner  Again, the electro-optical processors consTd- 
ered here will produce a replica of the inherent beam forminq 
capability of the antenna including its modified sidelobe 
characteristics. ^-^cxwue 

r-i/199 _18_ 
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111" ^^^^^^^ 

The  ensemble   of waveformc;   oHf-a-i ^   « 
a   linear  array  can be  Dr^«f?L £ ?   £r0m the   elements   of 
th¥-t^relectro~optical  technfau^ ^Pl0^nf  either  one  ^ 
in  Sec.   iv,   these1 tirtechSiqJSLnSe^^ ?elOW-     As   sho-n 

bxned   in  a   single  optical   confiaura^o     fdvantageously  com- 

L^r3^ Ca^£y  for ISSl^rraTanJen^r^r3  U^qUe 
cases,   the   inherent  characteriatJr«  »f  antennas.     in  all 
realized directly  as  out^Tl^ll  froTt^Z^™*  ^ 

A-       ^Ml^LJgULTIPLgXlNG  TECHNIQUE 

A  linear  array  antenna   consisting  o^    XT 
duces    N    waveforms  of  th-   type  desc^^H  K       elements  pro- 
order  to properly  process   thesJ  stanfla   ^Lfq■    {l2h)'     In 

tion angles   6,   ranaes     R     ^H   ^     g       f   t0 °btain  the   loca- 
multitude   of  targes     the baf^ ^!  ^^     *    0f each  of a 
analyzer  techniq^f descrLed'in SeTTlT^1^9^^ 
Since   the   array  produces  an   eise^Sle   of     M     ^  *!  emPloYed. 
sxnce  three-dimensional   in?o?mat^   (f R^nHt  ?^   ***   * 
alljxmens.ons   of   the  electro-opticai^^ce^^r ^us^t^! ^^l 

The  ultrasonic   light  modulator   (vir,     o\   ■ 
a   one-dimensional   light  modulator  Li!  9*      '   tS   ess^ntially 
were   introduced  in  the     ^ d^enJioi       -r?0  Spatial  orations 
wxll   now be   exploited  to^TSiy  ^1^^  ^1'°* 

electric  tra^cer  oi wJdth  "r w^h^^j3'3  0f a  V1*™' 
tinct   ultrasonic   traveling wave       Jhe   s^aratTn   ^   OWn  dis- 
jacent  channels   is     l     and  fhl   ^        .      P       tlon between  ad- 
are     L     -d     0     a*   shown?    xlte^TLTJ^l  ^-^ns 
tamed   in  the   light  moduiator   L     T  =  n%      ^^ Juration  ^on- 
phased  array   elements   that'are   processed   is^N  ^^^^  of 

nia^Hh?   S^tiallY  multiplexed,   ultrasonic   liaht   modm-^ placed   m   the   optical   conf i mvr^t-i ^,.     ^^"■■"-'-   xignt   modulator   is 
configuration  cSn  be   seen  to  be   thl   f>°™. ^  Fig.   7.      This 

of   the   spectrum analy^rshown   1^1^°;   ^l?310"1   eXtensi- 
only  concerned  with   a   finite   (detected   ar^?0^"106   We   are 

whxch  contains   the   desired  rakr   inf^at^n/^he^efTnfng1313116 
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transfer functions contained in Eqs. (10) can be applied. 
A direct extension of Eqs. (10) to two dimensions, leads us 
to   define   two  normalized   input parameters; 

A (^) x/s , 7 = y, 

and two normalized output parameters; 

f = X'(S/FAL} , 0 =  y'(t/FXL) (15) 

where (x. v^ *re  object plane dimensions,  (x', y') are image 
plane dimensions, S  and I     are ultrasonic beam parameters 
and  F  and  AL  are optical parameters as defined xn tigs. 

6 and 7• 

Each of the signals  vi.n(t), as given by Eqs. (12)  acts 
as an input to a corresponding ultrasonic transducer.  The re- 
sulting output signals obtained from a detector, such as a 
photodetector mosaic, placed at the image plane are proportional 

to 

i (f, *) - IK/'/TCT, 7)e-J
2-"(£^W^     (16) 

where  T (i     y)   is the complex transmission function produced 
by the spatially multiplexed light modulator.  This transmission 
function essentially consists of the sum of the transmission 
functions produced by the signals exciting the separated ultra- 
sonic channels. 

Again, Eqs. (10c) and (lOd) are applicable, and for the 
phased array waveforms of Eqs. (12), we obtain 

N-l 
+ —2- 

T (x, 7) -       *        ' Pw(-Y-n)pT(T-nT0) UTa) 

n=-^ I T 

j2Tr[(fo+fd)('r-nT0)-nie(fc-fo)] 

T-l/199 
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where  the pulse   (envelope)   functions  are  defined  by 

1      for       J   b    I   < f A 
p,(b)   =   ^ ,        . 

A ] • • (17b) 
0     for      j   b    |   > i A 

2 

extent'ofVhi n?^irn) defines the Physical location and t-xcent; or the nth ultrasonic channel in t-u^     ,,  JJ   * «**« 
PT(^-nTö) defines the location anSextSntJf ^/

imensi°n and 

in the üx dimension. Note thar^s Sst l^S f me,chan"el 
scribes the differential delav Tn ^I? P function de- 
phased array.  rerentiai delay  Tö  that is introduced by the 

I
1 l f^   0)   =    |   sinc[f-(f  +f   )JT 

0+VJT   sinc   0WA u8) 

2     slncU+(f+f  -f   )-t,-n|N    I2 

n=-oo o'   y 

where 

sine   z Sin   7T2 

7TZ 

fringe which  occurs   at     f =   f     +   -F T4- ^        -rrst   order 
all  possible  target   location  Ingllt   ' I   0    lT^äla^nä^ 
possible   Doppler   freauenni ^a     <=        -,       ' '  -^  yu  ae9  and   all 
within   an   o^put  ar^fSr"hich"  ^^^^  unambiguously 

outp„rarS;aaindSeIch1ta?a^PreTit  Within   a   finite   detected i  -L   ^rea   ana   each   target,   produces   a   signal   of   the   foj )rm 

T-l/199 
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I        (f,   0)   =    |   sine   [f-(f +f   )JT   sine   0W/i (19) 
i . o "o  d' 

sine [^-(f+fc-f0)TeJN 

This output signal has a single intensity peak which is lo- 
cated at f ■--   f. ,   $  =  0M where 

i       M 

f. = f + f, (20a) 
i    o    d 

and 

0M = - Te(fc + fd) * - (sin 0)(~)  .        (20b) 

A representation of the output signal that appears in the 
image plane is shown in Figs. 8 and 9.  By measuring the co- 
ordinates of the output signal we obtain  0M  and  fi .  From 
these two measurements, we immediately obtain the location 
angle 6     and the Doppler frequency  fd  from Eqs. (20) since 
f0, d^ /\c  and  fc  are known system parameters.  Also, target 
range  R  is obtained since this peak signal only occurs at a 
time  t - TR = 2R/C . 

The angle resolution  AS , Doppler resolution  Af^  and 
range delay resolution  ATR  can be obtained by examining the 
fine structure of the light intensity distribution within the 
detected output area.  The cuts A - A' and B ~ B1 in Fig. 8 
can be most conveniently used to plot light intensity as a 
function of <p     and  f  respectively as shown in Fig. 9.  This 
figure shows the output response for a single target located 
at  0 = 45 deg which has a finite Doppler frequency  fd . 
From Eqs. (19) and (20), we obtain the resolution width A0M 

parallel to the  $  axis as 

A0M=|, (21a) 

However, by differentiating Eq. (20b) we obtain 

T-l/199 -2^ 
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OUTPUT   FOR 
e=+45o 

'1 
1.0 

Ad) - l/N 

fOUTPUT 

£ SING  </>W/X 

-.6 «        -.4     * -.2 

d» 1/2 xc 

W« 1/2 i 

ANGLE LOCATION # 
-J 1 ) I I  

•** H |-4 1 " 
0 = 90° 0 = 45° 6-0° 0—45°     e--90o 

o)    CUT   A-A'  OF   FIG.9A:   COVERAGE   FOR   löl<90o 

SINC   (*MW/i) 

Af=l/T 

FREQUENCY    f 

b) CUT   B-B   OF  FIG.  9A !  COVERAGE    1* 1^ lf0 + fdl MAX 

A-IOO-P - 0082 

FIG.    9 OUTPUT   FINE   STRUCTURE  FOR   A   SPATIALLY   MULTIPLEXED, 
ELECTRO-OPTICAL  PROCESSOR 
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A0M S   (cos   e)(^-)A0 (21b) 
c 

so that the angle resolution is 

A9 = TNdT: ^7 • (2lc) 
(—)lcos e) 

c 

Thusj the output angle resolution is the same as the in- 
herent resolution of the antenna .  Eq. (13) .  Similarly, 
the output side-lobe characteristics can be shown to be a 
replica of the side-lobe characteristics of the antenna.  The 
output shown in Fig. 9 is for a uniform array, resulting in 
the characteristic sine-function response.  For any other 
aperture weighting function, the output will be modified and 
remain a replica of the true side-lobe characteristics of the 
antenna.  In fact, aperture weighting can be directly incor- 
porated into the electro-optical processor by introducing 
shading masks to shape the side-lobes characteristics. 

Doppler resolution is obtained in a similar fashion as 
shown in Fig. 9b.  Again, from Eqs. (19) and (20) the output 
resolution width  Af^  parallel to the  f  axis is given di- 
rectly by 

Afd - ^ (22) 

which is the optimum frequency resolution obtainable after 
coherently integrating a sijnal of duration  T .  In addition, 
it. can be shown that the range (delay) resolution, as con- 
tained in the time response of the output light intensity, is 
given by 

ATR S T . (23; 

This is the same as the range (delay) resolution inherent in 
a finite duration pulse. 
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The following conclusions can be formed from these de- 
rived results:  (l) The target location angle  0  is obtained 
unambiguously for each and every target that can be resolved. 
(2j Target angle resolution is identical to the resolution in- 
herent in the antenna array.  (3) All antenna beam angles ap- 
pear simultaneously as a continuum in a form which is identical 
to the beam forming capability and side-lobe response of the 
antenna array.  (4) In addition to angle measurement, the sec- 
ond dimension provides Doppler frequency.  (5) Doppler fre- 
quency is obtained unambiguously with a- resolution which is 
identical to that obtained from an ideal coherent integrator. 
(6) Angle and Doppler appear at the output completely associ- 
ated in orthogonal dimensions.  (6) The time of occurrence of 
each output signal is proportional to the range of each target. 

B.   TIME-DELAY MULTIPLEXING TECHNIQUE 

The second electro-optical processing technique utilizes 
only one dimension of the light modulator.  This is accom- 
plished by forming a single waveform from the ensemble of wave- 
forms obtained from a linear array as shown in Fig. 10. 

Each of the signals of finite duration  T  obtained from 
an N  element linear array (Eqs. (12)) is passed through a 
delay line and the delayed signals are then summed.  The delay 
lines are designed to provide a constant incremental delav lay 

T., difference  TD between adjacent channels, i.e., Tn+1 
The incremental delay  TD  is chosen so that the summed wave- 
form  vs(t) consists of a series of separated pulsed carriers 
the nth pulse representing the delayed signal from the  nth 
array element.  This is accomplished when 

D- 

T D = T + max + (-) ^c^ sin 'max (24) 

Typically, for 0 90 deg and  d/\. 1/2, we have 
T + l/2f s» T  since the radar carrier frequency  fc 
greater than the radar bandwidth l/T . 

D 
is much 

The summed waveform  vs(t)  now consists of 
carriers, each of duration  T  and 
so that the total signal duration is 

N  pulsed 
separation ^s   ^  TD +  ^e 
NT0 .  The form of this 

signal is obtained from Eq. (12b) after the indicated del, 
and summation is performed, i.e., 

ay 
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v 

N-i   r 

t)   =       Z        <  pfp(t-T--nTfl-T  ) 

n=-- 
N-l R       0     n' (25) 

cos  27T[(fo+fd)(t-.TR-r1Te~Tn)-nT0(fc-.fo)4-0i/27r] 

This waveform now acts as the input signal to a single channel, 
ultrasonic light modulator and coherent optical configuration 
as was shown in Fig. 3«  *n this case, Eqs. (10) are directly 
applicable since integration occurs In only one dimension. 
The contributing complex tran .mission function of interest can 
be shown to be given by 

T (T ) 

N-l 
2 
2 

n=-- N-l 
PT('

r-nTs) (26) 

j2Tr[ (f +f o d/ -nT )-rT 
s f -f )] c  o 

where t  is the normalized object plane variable  (T = x/s) 
at the time instant when the entire signal is present in the 
light modulator and  pT(T-nTs) represents the duration  T  of 
the nth pulse which is located at  x ^ nTs , 

The resulting output signal I^f, is now given by 
Eqs. (10a) and (10b) as the power spectrum of  vs(t).  Per- 
forming the indicating operations and normalizing, we obtain 

I (f) = 

oo 

sinc(f-f ■-fd)T 2  sine 
n=-co 

f  H 
(f  -f   )xa n 

T 
s 

T 
c 

NT 

(27) 

The first sine function is located at 
it has a peak-to-null width of l/T . 
functions are located at 

f = fi  = f0 f fd  and 
The remaining sine 
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f 

[n-  (V'olüi (28; 
n T s 

[n   -   (f   -f   h o;  e- 

>D  +   T0] 

and they have a peak-to-null width of 

.f  = -i ,—I r (29) atM  '    NTs '  N(TD+Te) 

as shown in Fig. 11. 

Since  f0  is the (known) intermediate frequency, the 
frequency difference  % = f0 - fn  can be raeasured directly 
in the image plane and from Eq. 128,! we obtain 

(f Ta+f T --k) 
f  : .) eg  o D  :30a) 

where  k  is an integer such that  % < 1/2T .  For conven- 
ience, we can select  fo  so that  f0TD   k  and Eq. (30a; 
simplifies to 

/  f /   c 
f.. =- f 
M    'KTD^U 

(30b) 

so that 

"V 

•   fl   
fM( d ) TD (^0c) sin a ^—s . \ 3V<-j 

r—M) 
[   f 

c 
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Thus, the target location angle  0  is uniquely aetermined by- 
measuring the fringe displacement  fM in the image plane. 

It should be noted that since  TD = T + j Tg |max , the 
denominator of Eq. (30b) can never be larger than T + 2 | Tg |max 
However,  2 j TQ imax < l/fc  for  | 0 | \ 90 deg and for 
practical radar transmitters, fc >/• I/T .  Thus, TD + T0 2- TD 
and ^e can write 

so that 

A T 
sin 0 ^ fM(-%^)  • (30e) 

This approximation is valid independent of the number of array 
elements  N  and the array aperture  Nd  that is employed. 

The angle resolution Aö  is obtained by differentiating 
Eq. (30e) with respect to 9     and combining this result with 
Eq. (29).  This gives 

A0 = • Nd A     a (T—  cos 0 ' A c 

which is the theoretical angle resolution obtainable from an 
array antenna as was previously derived in Eq. (13). 

The following conclusions can be drawn from these de- 
rived results:  (l)  Within the field of view required to in- 
clude all possible location angles (jo i < 90 deg), no am- 
biguities appear,  (2)  Within this field of view, all antenna 
beam angles appear simultaneously as a continuum in a form 
which is identical to the beam forming capability of the an- 
tenna array.  (3)  By measuring the location "'frequency" fjj 
of the output signal, the physical location angle  0  of the 
target is obtained.  (4)  The output resolution width AfM = 1/NTS 

corresponds to an angle resolution  A0  which is the same as that 
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obtained   directly   from  the phased   array.      (5)     All   responses 
are weighted with  an   amplitude   function  centered   at   the  fre- 
quency of  the  input   signals   (f^ + f^) • (6: The fre- 
quency location of the output signal is not a function of Dop- 
ple." frequency. 
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IV, ELECTRO-OPTICAL PROCESSOR FOR PLANTAP PHV«^ ARpAYS 

By combining the time-delay and the snat-i^i miln-• i 
techniques in a single electro oJ^-T^ spatial multiplexing 
angle information can be Sbta^ed  Jvnfcln^ two-dil—ional 
consisting of N column- and  M   TyPlcaily^ a planar array 
ing an  N channel ÜTt-JSn ?  T* 1S Processed by employ- 
deLy multiped M^timef "'such Taa^*  ^  ^^tiL- 
schematically in Fig. 12 configuration is shown 

A    RESPONSE CHARACTERISTICS 

Each  element   in   the   ar-T-ai? ^-^^    ■ 4. 
dyned  and  delayed       The  resultnS flgnal  amPlified,   hetero- 
then summed rhenc4, tlmefmultiniLfd?"?18 fr0m each Col^n ^re 
ner as was previously SLcussedrSfp111 e^?tly the same ^n- 
rived from the nth column of ?L . F^' 10)' The sig^l de- 
sonic transducer of the spatial?vTtl'• ^ fed t0 the nth ultra- 
spectrum analyzer (sefpigfTaL 7^^ el^tro-oPtical 
output response frim this9processor L J^, two:dimenSional 
shown   in  Pig.    8  excent   tha? «^     L        Slmilar  to   the  output 

time  multipLxed?XCAf a   rlsult0   it   carr10  Channel   is  no- 
obtained   in   the   f  dimension   is^imiS? S  f^  ^^   the  outPut 

Thus,   if   the   narrow beam dimension   formed  bv'th^0""   ^  Fi^    11' 
merits   m   the   phased  array   is   calWI     fl 5Y ^he   rows   of  ele- 
is  called    ,     (formed bfcolu^ns1 h'tben  t^se^nSle^^1191  ^ 

the   spectrum   analvzer   ^   „_!!!   angl?S   aPPear   at the  output  of  thespectrum i^fiJ   then  these  ^^  *1 
fM     as   sho-wn   in  FigP   13   ^  analy2er  ^s  measured values' 0 M and 

As   a   direct   consequence   of   the*   vac,,!*. 
-xous        ctions,   we   can^onclude   that       Fi?8 ?nSented.in Pre- 

All possible   two- 
..^^   oc^uxuns,   we   can   conclude   that-      (1)      ATT 
dimensional  beam  angles   are   obf^nf^*    ■      I pOSi 

tinuum.       (2)      The   angle   ?Jso?ut?ons   -SimUitaneOUSly  as   a   con~ 
olutions  which  are  theor^ically  ava^lJbif6?^^"  t0  the  res- 
(3)     Multiple   targets  will   producl ™^i?     ?       0m  the   antenna. 
angles  properly  associated        (tT nZ^1*  OUtPllts  ^th  all 
signals     rri)   that   is   int^oducid by  tL  Shas^"^1   delay ^tween 
so   as  not   to   result   in   an  aperturLbandS^K     arraY   is  Processed 
A  two-dimensional  matrix  of   del^v   1 h  constraint.      (5) 
works   is   not   required        (6)      ?hf VT^   0r  phaSe   lifting  Ait- 
fox   time  multipLxing;   e^ils   the  ^bL^f^1^   lineS   **^e* 
different   delay   lines   re^atldN     tTmes)^  J^-^ts   (M 

ToLn^anfo^rs^rsf.^r^ r9i-a" ^^ 
duced by the antenna. V) ^Ms^ce^i^ ^^Z^^ 

T- I 1 h) 
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full use of antenna beam shaping functions (amplitude taper 
phase taper, random element distributions, etc.)  (9)  Addi- 
tional beam shaping and side-lobe suppression can be directly 
introduced into the optical aperture in the form of shading 
masks and stops.  (10)  Pulse compression can be employed bv 
transmitting a frequency modulated carrier and introducing 
variable pitch gratings into the optical subsystem of the 
processor.2n~2' " ' 

B-   TYPICAL SYSTEM PARAMETERS FOR SQUARE ARRAYS 

Consider a square, planar array antenna consisting of  N2 

elements with an element spacing of ons-half wavelenath   Let 
tlpillantenr}a operate as a radar receiver, obtaining signals 
of finite duration (T) from a multitude of reflecting targets 
which are located at various ranges and at various location 
angles in space.  The signal processor for this antenna would 
consist of a time-delay multiplexing network which accepts the 
N  signals from the array and produces  N  new time waveforms 
These signals are then applied as inputs to an  N  channels  ' 
spatially multiplexed, electro-optical signal processor   The 
output of this processor is a direct measure of ehe range and 
the i, two-dimensional) location angles of each target. 

m^Q
T1^f ^f Pulse duration (T) and the number of array ele- 

bv JLFJI     Can realistically be processed may be constrained 
?^  m.      ;'-ng Paramete^s of the electro-optical processor: 
[I)      The maximum optical aperture dimension that can be utilized 
while maintaining a diffraction limited condition. (2) the maxi- 
mum obtainable bandwidth and carrier frequency of the light modu- 
lator (3) the effect of ultrasonic attenuation on output resolu- 
tion and side-lobe response, and (4) the maximum number of ultra- 
sonic transducers that can be accommodated in the optical aper- 
ture. f*—- 

The aforementioned experimental results obtained at CUERL 
indicate that processor parameters are governed by the follow- 
ing considerations:  (1J  Optical configurations with a 3~inch 
fl\5  fT uf  ^ fPerture can be maintained diffration limited. 
l^J  Light modulator carrier frequencies up to 30 meps in a 
water delay medium have been successfully used   (3)  Light 
modulator bandwidths from 5 per cent (airbacked) to 100 per 
n^H {mef^UrX  backed) of the carrier frequency have been meas- 
ured.  (4)  Immersion of the ultrasonic transducer in the water 
?^ayTn?

d:LUm [water backing) produces a 10-per cent bandwidth. 
[JD)      Ultrasonic matching-section technigues have been developed 
for single transducer configurations, producing a 50 per cent 
linear phase bandwidth with low insertion loss 
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A realistic set of initial parameters for a multiplexed 
electro-optical processor would, therefore consist of the fol- 
lowing:  (1)  a 3-inch optical aperture, (2) at light modula- 
tor employing a water delay medium, (3) a carrier frequency no 
greater than 30 mops and, (4) a minimum bandwidth of 2 mcps. 
In this case, ultrasonic attenuation is negligible and signal 
durations from 0.5 u.sec to 50 sisec can be processed.  The num- 
ber of ultrasonic transducers that can be employed is essentially 
determined by the acoustic beam spreading which occurs when 
transducers of small width W are employed.  A typical design 
criterion requires that adjacent ultrasonic beams do not over- 
lap and that beam spreading does not result in an amplitude 
taper which significantly degrades the system response. 

The design equations which result from these considerations 
can be shown to be given by 

N2^ (f0L
2AsaT)2/3  , (3la) 

D = NTS < L  , (3lb) 

and w - L/2N - l/2 {31c) 

where  N2  is the total number of square array elements that 
can be processed,  f0  is the ultrasonic carrier frequency, 
L  and  D  are the optical aperture dimensions,  S  is the' 
sonic propagation speed in the delay medium.  T  is the (re- 
ceived) signal pulse duration, M is the ultrasonic transducer 
width and I     is the spacing between transducers. 

The aforementioned initial design parameters specify 
f0 > 25 mcps, L - 7.5 cm = 3 inches, S = 15 x 104 cm/sec and 
a 2-mcps bandwidth.  For a signal duration  T = 0,5 (isec  we 
obtain the result that  N2 ». 132)2 = 1094, D = 2.5 cm, W =* 
1.15 mm  and I ^   2.3 mm.  Furthermore, by adapting the afore- 
mentioned ultrasonic transducer matching technique to the 
spatially multiplexed configuration, the signal pulse duration 
could be reduced to 0.1 usec (a 10-mcps bandwidth).  This would 
extend the processing capability to  N2 ~ (55)2 = 3025 elements. 

To extend the processing capability further, the carrier 
frequency  f0  and/or the optical aperture dimension L must be 
increased.  In either case, ultrasonic attenuation in water can 
be shown to introduce an additional constraint expressed by 

T-l/ 199 
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f o 
SNT  <   4   X   1010      . (32) 

By meeting this constraint, it can be shown that the system 
response will not be significantly different from that ob- 
tained with no acoustic attenuation.  Typically, to process 
a 10,000 element square array (N - 100) with a 3-inch optical 
aperture and a 50 per cent ultrasonic bandwidth, acoustic at- 
tenuation affects (Eq. (32)) require that  T > 0.01 n-sec. 
Now, from Eq. (31a] we obtain T ~ 0.0? ^sec so that  f0 =- 28 mcps 
and the system response is not degraded by acoustic attenuation. 

Thus, electro-optical processor considered is capable 
of producing the location angles of multiple targets with opti- 
mum resolution and side-lobe response.  Starting with an in- 
herent processing capability for 1000 array elements with a 
system bandwidth of 2 mcps, the ultrasonic light modulator can 
be further developed to accommodate 10,000 array elements with 
a system bandwidth of 14 mcps. 
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