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FOREWORD 

ThU Is tne Fin«! Report on contract AF 30(802) 4287. ARPA Order 837, entitled, "Optical 
Processor (or Synthetic Spectrum Data".   The sponsoring agency for this work was the Air 
Force Systems Command, Research and Technology Division, Rome Air Development 
Center, Grlfflss Air Force Base, New York 13440, and Project Defender, Advanced Re- 
search Projects Agency (ARPA), Department of Defense, Washington, D. C. 20301.    Mr. 
Robert MacMUlan (EMASS) was the RADC Project Engineer and Mr.  Morris Wltow was the 
ARPA monitor for this work.   Work was performed on this contract between May,  1966, and 
May. 1967. at the Westlnghouse Defense and Space Center. Surface Division. P. O. Box 
1897. Baltimore. Maryland 21203 

Personnel who contributed to the analysis, design and documentation performed on this 
contract were Messrs. B.  L. Drummond. H. S.  Fitzhugh D, T. C. Griskey. T. R. Hughes, 
G. S. Ley, C. A.  McGrew,  L.  A.  Nix, M. W.  Partln.  B. S. Smitn. J. Ssostak, and J.  E. 
Thompson.   In addition, the processing and analysis of recorded data was performed by Dr. 
R. B. Crane and Mr. R.  Fedorowlcz of the Institute of Science and Technology. University 
of Michigan, Ann Arbor, Mirhgian. 
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ABSTRACT 

A film recorder (or high resolution radar echoes has been designed and fabricated.   It 
employs a modulated cathode ray tube trace which Is Imaged onto a moving film    Individual 
pulse echoes are written across one dimension o< the film, corresponding to the direction of 
the CRT sweep.   Successive echoes are accumulated slde-by-slde In the orthogonal direction. 
The data Is recorded In a format suitable for subsequent processing in a coherent optical 
system.   The purpose Is to obtain doppler resolution by Integration over a sequence of pulses 
This is to be carried out simultaneously for each range  resolution element, giving an 
output with two dimensions of resolution. 

The specifications, design, fabrication, and cheU-out of the film recording equipment 
are described in this report.   Simulated data has been employed to verify the overall per- 
formance of tht device.   A review is given at the data frames recorded and the test results 
obtained from them.   The system can record data In two different formats, to allow some 
flexibility In Implementing the coherent Imaging processor. 

ill 
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SECTION I 

REPORT SUMMARY 

1. INTRODUCTION 

This Is the final report on contract AF 30 (602)4287, ARPA Order 837.   The purpose of 
this contract was to determine the feasibility of optically processing synthetic spectrum ra- 
dar data to yield a high resolution range/doppler map.   On this contract, computer software 
was written to utilize the Unlvac 1108 and the Scientific Data Systems, Inc. SDS-9iO digital 
computers to format the radar data for subsequent film recording.  Digital to analog conver- 
sion equipment and a timing   oscillator for system synchronUatlon were bought from SDS 
for use with the SDS-910 computer.  A film recorder was designed and built by Westlnghouse 
which takes video Information and synchronization signals from the SDS equipment and dis- 
plays these on the face of a high resolution cathode ray tube.   A special camera was fabricat- 
ed to Westinghouse specifications by Photogrammetry. Inc.  Rockvllle, Maryland   This 
camera contains a precision film drive motor and associated control electronic purchased 
from Sequential Electronics Systems, Inc., New York. 

2, EQUIPMENT DESCRIPTION 

A photograph o< the film recorder is shown in Figure 1, in which the various sub-systems 
are identified.   The digital-to-analog conversion equipment and the timing oscillators for 
system synchronization are loc; ltd in the SDS-910 computer chassis and are not shown In 
Figure 1. 

The equipment utilized in performing optical processing of synthetic spectrum data is 
shown In Figure 2.  A brief descnptlon of the functions performed in each sub-system of the 
equipment will be given here. Detailed descriptions of the functions will bs found in the body 
oi this report. ' 

The UNIVAC 1108 digital computer is used to perform several operations on the radar data 
and to assemble It Into a format compatible for t:.e SDS.910 computer.   The radar data Is 
calibrated, the responses are aligned, pre-compensation for film recorder non-linearities 
can be «PPiled and, finally, the proper forma« is selected.  Additional operations on the data 
required for processing in data format il (described in section 1-3) are also performed in the 
ur<lvac 1108 computer. 

The SDS-810 digital computer is used to read. More and output the data in synchronism 
with the sweep of the cathode ray tube (CRT) beam.  The DIGITAL-TO-ANALOG (DA) 
CONVERTER, housed in the SDS-910 computer, accepts the 9-bit digital output and converts 

1? *!l ^SSFJ^*   WhlCh l8 the Vtdeo 8lKna, t0 the CRT-   *** TIMING UNIT, also hous- 
ed in the SDS-910 Computer, generates the trigger signals and control frequencies used to 
synchronize system operation.   A pulse of data is read into the SDS-910 core, stored there 
for a short time, and U.en read out and written onto film, prior to the next pulse being used. 

Ti»n^IL!U RJ^wlÜJ!R COn8l8,8 ^ four «"Systems, the CRT, the CRT CONTROL ELEC- 
TROMCS   the CAMERA and the FILM DRIVE UNIT with Its control electronics.   Timing and 
control signals and video Informations signals are supplied to the FILM RECORDER   The 
l m is moved continuously at a precisely controlled rate and the CRT beam is swept repet- 

t e'rin^X' H6 T6 ^w * ,hf CRT '*"• 0oe9 the MO'"*"™ '» «corded on film tie film (after development) is ready for processing in an optical correlator   On this rrL 
IvTrsTy'of Michi^ prOCe88ed ^ the &"**• ^Sciwce^d Techn"l^ (ICT) S the^n- 
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3.  BRIEF DESCRIPTION OF FORMATS 

The data film transparency employed with an optical processor (using coherent light) must 
form a diffraction pattern. Particular fringes a( this pattern are Isolated by spatlrJ filtering 
and further transformed by lens elements, to obtain a processed output.   The recording for- 
mat Is determined largely by the   dqulrement of forming an Interference fringe which Is 
modulated by the radar echo data. 

To give the required fringes, a "spatial carrier" Is Introduced Into the recorded data. 
This appears as an underlying sinusoidal oscillation at the film transmlsslvlty. It acts as a 
diffraction grating when the film In placed In a coherent optical r 3rrelator.   The presence of 
the spatial carrier also allows a radar signal having both amplit .de and phase dependence to 
be recorded.   The amplitude is used to control the magnitude of li^e spatial carrier oscillations 
(e. g. the envelope of the waveform). The phase Is used to shift tl e position of the carrier 
osclllatlonb by a fraction of a cycle (with a full cycle representing 360° of phase).   This Is the 
natural meaning of a phase difference, namely the shift of an oscillatory waveform with re- 
spect to a standard oscillation of the --ame frequency.   In tne case of the radar data film, the 
standard (phase reference) signal would be a uniform sinusoidal diffraction grating with a 
spacing constant equal to one cycle of the carrier on the film. 

In addition to the carrier, a bias light level Is used when exposing the film in the record- 
er.   This bias is set to an operating point on the linear region of the film response charact- 
eristic.   It allows the carrier oscillations to appear as fluctuations In transmlsslvlty about 
the bias level. There Is no need for negative values of transmlsslvlty, which are not, In fact, 
achievable In practice. 
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Figure 2. Optical Processor for Synthetic Spectrum Data 



The recorder can produce dau in either of two formats.  In both, each line on the film 
(corresponding to a CRT sweep) represents the echo from one radar pulse.   The difference 
lies in the nature of the data written along each sweep.   In Format I, the outputs o* range 
channels in the radar directly form the modulation on the sweep. That is, distance along the 
sweep is proportional to range across the tracking window of the radar.   In Format 11, the 
fourier Formaf I data) is recorded instead.   Here, distance along the sweep is proportional 
a frequency location across the radar signal band. 

Atypical film recording and processed output for two scatterers is shown in Figure 3.   A 
sample of the recorded film (Format II) in normal size is shown in 3(a).   In 3(b) a 3ox en- 
largement of this recorded film is shown in which the recording process, is more apparent. 
The diagonal bands are due to the changes in spectrum due to rotation of the target, which 
was a dumbell configuration.   In 3(c) the processed output of the optical correlator is shown 
in which both the zeroth order fringe (on the optical axis of the correlator) and the first 
order fringe are shown. The zeroth order fringe is normally removed by a spatial filter and 
is included only for illustration.  The offset of the target image f'-om the zero order is caus- 
ed by the presence of the spatial carrier.   The light from the background bias level on the 
film is concentrated in the bright ^ero order. 
Additional processed results are given in Section V. 

4.  SUMMARY OF CAPABILITIES 

The equipment has been used to record simulated data in both Formats I and II.  The tests 
which have been made on the equipment and the film which has been processed,  have deter- 
mined the recorder capabilities which are listed in Table A.   In two instances, the values of 
the parameters arc significantly different from the d. .Mun goals and improved data recording 
is possible. First, «he film drive unit has operated with a control frequency of less than 
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Figure 3.  Typical Film Recording and Processed Output-Format II 



TABLE 1.   SUMMARY OF EQUIPMENT CAPABILITIES 
CRT spot size 0. 0015 Inches 

Number at "spots" per line 
of recorded data 

1024-2048 (selectable) 

Number ol lines (pulses) per 
50 ntii Irame 

500-1250 

CRT line sweep time 27-81 nsec 

Spatial carrier 10-20 Ipr/mm 

Maximum number of pulses which 
can be recorded continuously 
(magnetic tape limited) 

3550 

Input control frequency for 
film drive 

600-60. 000 

600 Hz where 714 Hz was the design value.    By virtue of this, the maximum density of lines 
along the film was approximately 25 lines per millimeter rather than the doslgn c vl of 20 
linos per millllmeter (which permits 1250 lines per 50 mn. frame of recorded or «.)   To 
achieve this required an external signal source be used Instead of the signal from the TIMING 
UNIT. 

In all categories, except one the equipment has performed at or beyond design specificat- 
ions. The one exception Is in the behavior of the spatial carrier In Format 11 recording. In 
this format, er.cesslve range sldelobes In the processed cuta are produced due to a variation 
In the recorded spatial carrier with distance Along (he trace. 

Although the recording In Format II has corrections to be made to It In order to give best 
processed output, the recordings which have been made have demonstrated conclusively that 
optical processing of synthetic spectrum data Is feasible. The results given In Section V and 
the conclusions drawn In Section V I elaborate on this. 

5. APPLICATIONS TO SPACE OBJECT IDENTIFICATION (SOI) 

To apply this device to the SOI problem, the equipment corrections to give recording In 
Format II should be made.   Additional processing of simulated data using more complicated 
grometrlcal configurations typical of targets of Interest should be performed.   This,  and the 
processing of radar data, should be done both to have data on more complex targets and to 
have more data from which to make observations on the quality of processed outputs (espec- 
ially In having a time record available on which to base observations).   These recommendat- 
ions are discussed In Section VI. 



SECTION n 

THEORY OF OPERATION 

A target, when illuminated by a microwave radar, modifies the incident signal in the 
backscattering process.   The radar receiver may be desigr.ed to sense certain oi these 
changes or modulations in order to give information about the target.   The most commonly 
used parameters are echo time delay and doppler shift; these are linearly related to target 
range : nd range rate, respectively.   The received signal power,  proportional to target 
radar cross-section, is often processed as well.   In observing space objects, one would 
like to extract much more detailed information about the target.   Increasing the resolution 
capability of the radar can provide more target-induced data, especially when the resolution 
cell becomes smaller than the target extent.   When the inherent resolution cell is smaller 
than the body, the possibility of forming a "radar image" of the configuration arises.   This 
section discusses radar range doppler imaging and the applicability of optical techniques in 
the signal processor.   Suitable film recording formats and a summary of critical error typcc 
are also given. 

1    CHARACTERISTICS OF HIGH RESOLUTION ECHOES 

At short radar wavelengths, rigid bodies (such as satellites) exhibit so-called "scattering 
centers".   That is, the radar echo car be associated with one or more localized regions of 
the target.   When illuminated with a very short pulse, these scattering centers produce In- 
dividual echoes with different time delays (due to their differences In range).   When Illumin- 
ated with a single frequency, the Individual echoes superimpose vectorlally since they are 
not resolved in time.   If the target orientation changes, the relative phases of the »choes 
are altered and the vector sum exhibits a beat pattern.   The rapidly loblng cross-section of 
a rocket body as it tumbles is a common example of this. 

A range/doppler Imaging radar makes use of both the range differences between scatter- 
ers and the relative phase changes occurring as the target changes orientation by a small 
amount.   A wide-band transmission Is employed to obtain a range resolution cell small 
compared to total larget extent.   The phase Information can be gathered with a single radar 
site by observing over an interval of time, during which the target changes aspect.   The 
phase Information could also be gotten with a multlsite system, where the separate receivers 
each view the object at a different angle, at the same time.   The first (monostatic) type of 
data has been considered on this contract. 

While range resolution Is Inherent In the single pulse transmissions, an equivalent doppler 
resolution is obtained only after processing a sequence of echo pulses.   The spectrum 
(Fourier transform) of the amplitude and phase behavior of a scatterer gives its doppler 
resolution pattern.   When a small fraction of ^ total target revolution period is processed, 
the doppler offset of a scatterer Is proportional to Its location along an axis perpendicular 
to the llne-of-slght.   This property aids in utilizing the radar Image as a spatial map or 
projection of the echo centers.   An analytical model for this high resolution data will now be 
given. 

a.   Form of Echo Pulses 

A pulse stretch/collapse system would undoubtedly be used in a high resolution radar 
designed for observing space vehicles. The pulse modulation win be denoted by p (t) and the 
r-f center frequency by f .   The transmitted signal will be represented by the phasor 

8(t) = p(t) exp (2 ni fc t) (1) 



For example. If the modulation were a linear (-m ramp, the function p (t) would be 

1/2 

•1/2 

The instantaneous frequency ot s(t) is defined, as usual, by 

.      1     d LArgsd)]        1     d     /Ä 2. 

— •.™  ...».„._>.u,, w^ixr K nilgai i-m i«niji,   mr luni 

t 2 fl.   Ul S] 
p(t) = rect - exp (tlkt*) ; rect (X) =< 

T ^0.   Ixl >1 

(2) 

Although such An f-m ramp Is a common modulation, we will not restrict the signal to be of 
this form. 

^ single point scatterer would produce an echo of the form (neglecting the range factor 
R") 

ae'^sU-T) 

where a is the amplitude of the scatterer 
0 is the phase shift in scattering 
r is the delay of the scatterer (2R/C). 

When the scattering center has frequency dependence, the shape of the echo pulse is not 
exactly that transmitted, since the scatterer Introduces some weighting of the spectrum. 
However, this distortion Is slight for a radar pulse of less than 20f bandwidth, and will 
not be considered here. 

An extended solid body usually exhibits several scattering centers, whose characteristics 
(amplitude, phase, polarization and frequency dependence) depend on the direction of the 
llne-of-slght.   The total echo, e(t), for a given orientation Is a summation of single scatterer 
terms: 

N 10 
n 

e(t)  =   Z        a e       8(t- r  ) 
n=l       n 

iJrlM     N 1(0 -2jrf   rn) 

n=l      n n 

where an Is the amplitude of the nth scattering center 

0nls the phase shift In scattering for the nth scatterer 

Tn Is the delay of the n    scatterer 

N Is the total number of scattering centers 

S is the transmitted signal, S(t) = p(t)e 2''lfct 

fc Is the center frequency of the pulse 

p Is the (baseband) modulation oi the radar pulue. 

Each term In Equation (3) can usually be associated with a localized discontinuity In the 
target surfact curvature or a section of surface normal to the llne-of sight. 



In the radar receiver, this echo la processed to achieve pulse collapse.   For a "matched" 
receiver, the echo la correlated with the conjugate of the transmitted algnal.   Mathematically, 
the radar response r( *' ) la given by 

HT)   = /e(t)8*(t.r)dt (4) 

This reduces to 

N II      2f If (r -   r ) , 
HO  «  Z   ae    ne        c n /p(t-   r) p (t- r ) dt 

n-l    n ' n 

The Integral In the last equation Is the matched output response, r   ( r • r    ), o( the radar. 
There «re N such terms, one (or each scattering center.   Therefore, the radar response 
of the extended target Is 

N 10      2tlf (r -   r   ) 
r<T,'B!i v %   c     n ro(T- v (5) 

where r   Is the matched output response, defined by 

ro(X)=/p(t)p'(t -X)dt 

(   Is the radar center frequency 

a , 0 ,   .- , N are as defined above (Equation (3)) n     n     n 

Is the running delay variable.   The Individual response peaks occur 
when r - T ; n=l, ... N. n 

The Synthetic Spectrum radar, which Is the data source for the optical recording and 
processing systems, measures the target response In a bank of range channels.   These are 
spaced at equal intervals in delay (or range).   A sample of the output response sign«. '- 
obtained In each of these channels.   This sample Is a complex number In polar form; that 
Is, the amplitude and phase are measured and recorded. 

»Argrm 
Output:   r(  T   ) ■ ir   le ;    »_ "     *    * m r , m= -43 42 mm mo s 

T    * gross target delay established by the real time tracker 

»     - sampling increment 

The single pulse information (84 amplitudes, 84 phases, and much auxiliary daia like 
range, range rate, azimuth, elevation, etc. ) Is multiplexed out of boxcar stores onto 
magnetic tape during the interpulse period.   This data Is In digital, not analogue, form. 
Amplitudes are recorded on a logarithmic scale with about 80 db range using nine bits. 
Phases are recorded in the interval (0, 2-) using eight bits. 

In the past, data processing operations have been carried out on a large digital computer 
(FBM 7094 or UNIVAC 1108).   The amplitude and phase Information Is first corrected usii« 
calibration data (to compensate for wide-band channel differences and log-amp and phase 
detector non-linearities)    The relative phases between radar echoes are then modified to 
remove as much of the phase modulation due to Urget translation as possible.   Three 



techniques for doing this are discussed In References 1 and 2. • After a good "pulse align- 
ment" by one of these methods, the pulse-to-pulse modulation of the high resolution echoes 
appears to arise from target rotation about a fixed point.   This modulation Is discussed In 
the next section. 

o.     Pulse-To- Pulse Phase Modulation 

Consider one ol our target scattering centers moving with respect to the fixed body 
phase reference.   Its delay,   r   , changes between pulses.   Over a small Interval of target 
rotation, say 0 1 radian tJ. 7C), the scatterer delay may be approximated by an average 
value and a term linear In time. 

r       T   +       , (time origin at middle of 
n *  n      "n small rotation Interval) (6) 

Our moving scatterer Is represented by one term In Equation (5), namely 

ae"e2'Uc(T-T>   (r-T-uOe^'V 
'o (7) 

where the subscript n labeling the scatterer has been dropped.    Suppose the scatterer moves 
by one tenth resolution cell, 1 e. by a del?y  ut = (lOB)"1 where B Is the signal bandwidth 
Letting the center frequency f   = B the pnase change In the treasured echo (contained In the 
last factor of expression (7) Is    A 

Of*   D | 

■2*1  »t  '  -.nXö-   ■   -2»A-r7r :   A ^ bandwidth < lÖÄB        "'"AIO 

For example.  If A Is 10T the phase change Is a full cycle.    Associated with this remarkable 
phase change Is a small shift In the  'short pulse envelope" r ( r -T- v t) which amounts to 
about one tenth Its 3 db width. 

The other factors, ae       *      c     "     , are sensibly constant over the small rotation Inter- 
val     Therelorc. the dominant effect of the relative rotational motion of the Individual echo 
.enters Is a rapid r-f phase change.   This progressive phase shift Is equivalent to a doppler 
frequency.    A second dimension of resolution can be obtained by frequency analysis of pulse- 
to-pulse echo data, as described In the next section. 

c.     Processing lor Range/Doppler Resolution 

The echo data Is Inherently two-dimensional.   In Equation (7) the two variables are: 

T  :  representing single pulse delay «cross the 84 channel "range window" 

t   :  contained in each pulse-to-pulse scatterer delay term, T    = T   ♦ u t 
n       n       n ' 

measuring time relative to the pulse In the middle of a data block, 
(t Ofor this pulse). 

There are also two "variables" or parameters associated with each echo center: 

T   :  the delay of the scatterer relative to the fixed phase reference point, 
at t = 0. 

Un   :  the rate of change of delay of the scatterer. at t = 0. 

We would like to obtain a display with coordinates delav and delay rate In which the energy 
from the nth scatterer Is concentrated near the point (T .  u ).   The coordinate r (relative 
• References   are given on pag» 26. 
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delay) already ha« this property In that the "short pulse envelope",  r ( r -T ) has a peak 
o n 

when Its argument Is aero, I. e. when   T . T .   The Fourier transform o* the data In the 
t-directlon(a one-dimensional transform) concentrates the echo energy In the new variable 
f.   This Is easily seen by considering the expression: 

L       ,-   l0. 2»»MT-T) ,    2fl(f-f  w)t, 
u(T.f).2      fae   e        c       *  (  r-T-ut/U C       * 

1--LL 0 rj (8) 

with tj « t ; /. ■ i. At is the pulse repetition interval. 

A sum is used rather than an integral because the radar transmits discrete pulses.   The 
slight amplitude modulation of the term in brackets will be neglected (this modulation is 
caused by the shift of the envelope function   f   . as v t. changes values).   The result Is 

10   2iif ( T -T) sin [(21, ♦ 1) i (f - f „ )At ] 

u(r.f)-aee ^ *" T> .fa, [.tf ■ *c»)At ]' W 

Suppose that the radar has a rectangular power spectrum.   An explicit form then results 
lutio 

B/2 
2»ift slntBt 

(10) 

for tht range resolution factor   r   ( r . T). 

2iift slntBt 
ro(t) =   i      e df =     „ 

-B/2 

Thus, the product of two "resolution patterns" occurs for the typical echo center: 

u(r.f)-aeV,rlfc(r"T)    **** ^'V ato [(«L ♦ 1) t tt-f.w^tl 
v > ^nrrji        v8in Mf-f »)At 

amplitude li phase range resolution      doppler resolution 

The peak occurs at T = T and f = f  w .   The first zero in the range pattern is at ( r -T) = 5. 
11 The first zero in the doppler pattern is at (f-f u ) ■  M   '    . .      = i .   Here t is the total 

processing interval since it ts the number of pulses tlm^smelr spacing    The result above 
is  perfectly obvious, namely that the resolution in delay time is roughly the reciprocal of 
the signal bandwidth and that the resolution in doppler frequency is roughly the reciprocal of 
the integration time. 

The purpose of the optical processor is to perform the doppler frequency analysis (one- 
dlmenslonal Fourier transform) simultaneously for all range channels.   It Is easily recog- 
nized that, if the spectra of the echo pulses are used In lieu of the pulses themselves, a 
processor employing a two-dimensional transform gives simultaneous range and doppler 
resolution.   Both these configurations are well-known In optical signal processing and are 
briefly described In the next section.   The data film for the processor requires a special 
format, since the radar data Initially has both amplitude and phase modulation.   To record 
this Information on film use Is made of a "spatial carrier", similar tn the holographic re- 
cording technique developed at Uni"ersity of Michigan    The format and functional form of 
the writing beam intensity are discussed in a following section.   Finally, the effects of 
errors in recording are summarized. 
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2   BASIC OPTICAL PROCESSOR 

a.     Introduction 

The optical processor for SOI radar data should transform echo Information, recorded 
on a film transparency to a range/doppler image.   The radar data derives from the echo 
pattern for each radar pulse.   The transparency is made by a CRT fUm recording system. 
The information from a single pulse is modulated as brightness variations alor« a sweep of 
the writing beam.   Successive pulses are stacked side by side along the film.   The developed 
transparency Is processed In a coherent optical system.   In order to carry out the opera- 
tions outlined In the last section, the Fourier transforming properties of lenses are used. 
The configuration chosen for the processor has a bearing on the film format and is discussed 
here for this reason. 

b.     Processor Configuration 

The processor consists of a source and colllmatlng assembly, a Input film plane, a 
two-dimensional transforming lens, a spatial filter, a one-dlmenslonal transforming leiis, 
a relay lens and the output data plane.   The one-dlmenslonal transform can be removed by 
pre-transformlng the radar data before the Input transparency Is written.   These systems 
are shown schematically in Figure 4 . 

ELEMENTS IDENTICAL TO THOSE   AT LEFT 

LASER 

CONDENSING 
LENS 

j^\    PINMQLE 

L/r^l  ^^COLLIMATOR 

^ f /*) RAOAROATA 
^v/ y        ^^     TRANSPARENCY 

WAVENUMBER 

TIME 

FORMAT n 

$ 

FORMAT   I 

RELATIVE RANGE 

^IME 

TRANSFORM LENS 
/f}     (SPHERICAL) 

OUTPUT 
DISPLAY 

RANGE FOCUSING 
LENS (CYLINDRICAL) K/ 

Figure 4. Basic Optical Processor Schematic 
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The source Is conveniently a laser, which provides suitable coherence with reason- 
able Intensity.   The colllmatlng assembly Includes a condensing lens followed by a plnhole 
and a colllmator.   The plnhole Is used to remove "noise" In the Intensity distribution of the 
laser output caused by reflections from the mirrors and walls of tne discharge tube.   The 
colllmator produces a plane wave, covering the Input film aperture, from the light leaving 
the plnhole. 

The Input film plane contains the radar dara transparency immersed in an index- 
matching liquid cell or "liquid gate".   This Is done to compensate for optical path differences 
caused by film thickness variations.   Successive radar pulses are recorded on separate 
traces, side-by-side across the film. They accumulate In the direction marked "time" In 
Figure 4   .   The coordinate in the other direction can be relative range (as In an A-scope 
display) or the Fourier transform variable, wave number.   These two possibilities are 
Formats I and II, respectively. 

The spherical lens following the input data plane produces the Fourier transform of 
the Information on the transparency.   This two-dimensional transform appears In the jack 
focal plane of the lens.   The data must be recorded In a way which permits one to select the 
desired Information from the background light by means of a spatial filter.   To accomplish 
this a spatial carrier is introduced into the brightness variations along the data sweep.   The 
spherical lens then produces fringes corresponding to this sinusoidal diffraction grating. 

The spatial filter in the back focal plane of the transforming lens blocks the zero 
order light which represents the background transmitted by the transparency.   An opening 
In this "filter" allows a region about the first order fringe of the spatial carrier to pass 
through.    The Fourier transform of the pulse-to-pulse phase modulation into its doppler 
components is achieved in this plane.    If the film is In Format I, an additional one-dlmen- 
slonal transform to reconstitute the range resolution Is done by the cylindrical lens.    Format 
11 does nr»t require this lens.   In Format II, the spherical lens forms the range pattern as 
the Fourier transform of the wavenumber Information on the Input film. 

ihe relay lens may be Included to enlarge the output Image and focus It on the final 
observation plane.   This might be a ground glass screen or a film In a camera. If a perma- 
nent record Is desired. 

3.  DATA FILM FORMAT REQUIREMENTS 

a.    General Considerations 

The transmlsslvlty of the film Is controlled by the CRT trace exposure.   This allows 
only Intensity variations of the light through the transparency. The phase variations due to 
the film Itself cannot be modulated and are, in fact, smoothed  out by the liquid gate.    The 
radar data contains both amplitude and phase modulation and both a.-e necessary In pro- 
cessing for a range doppler Image.   Thus, the first consideration Is to convert the com- 
bined amplitude phase modulation of the data to amplitude or Intensity fluctuations only. 

It Is also necessary to record using a section of the film transfer curve that does 
not severely saturate.   Saturation, being a non linearity, will produce Inter modulation 
between the Individual echo centers and give rise to ghost scatterers 

Finally, an underlying grating structure (I. e. a periodicity) should be Introduced. 
This allows the background light to be spatially filtered leaving a diffraction fringe which 
carries the radar data. All three of these considerations can be achieved by recording the 
data as modulated on a spatial carrier with a bias level added to prevent negative ampli- 
tudes.    A combination of setting the bias and sealing the maximum amplitude Is used to 
obtain a desirable operating range on the film transfer curve. 
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b.    Effect of SpatUl Carrier and Blaa Level 

An pointed out above, the film can reproduce only an amplitude mooulated non-nega- 
tive signal.   Simple modulation theory allows one to analyze a method for convening • ie 
radar signal (having both A-II and P-M) to a real unipolar waveform.   The radar echo to be 
recorded will be denoted by r< r ).   Th»h has a spectrum centered on zero frequency td band- 
width B, as represented In  Figure S    .   The echo amplitude lr( r )1 and phase Arg r (r ) 
are used to modulate a carrier.   Th( carrier, denoted by f , Is chosen greater than B/2 
giving rise to a waveform: 0 

f(r)   -   (r(r)|[co8   2»for ♦   Arg r (r )J (n) 

This real function has positive and negative frequency bands of width B centered on t f   as 
in Figure   5 .   It can change sign because of the cosine function.   To make a positive Signal, 
one may add a d. c. bias Ro greater than the maximum value of the signal envelope. 

MO   •   R0   ♦   |r(r)|cos[2ffo  r   ♦ Argr r  )];   Ro> max|r  (r)|(l2) 

In the frequency domain, Ro appears as a line at rero frequency. 

Suppose a film Is written with a trace whose amplitude transmission function varies 
as Equation 12.    Let It be Ulumlmted at normal Incidence with coherent light.   According to 
simple physical optics, the Fraunhoffer pattern of the film Is formed by the emerging light. 
This pattern has three parts which correspond to the three sections of the spectrum of 
f (t).   They emerge at different angles as in Figure 6 and can be separated by a spatial 
filter in the focal plane of an objective lens behind the film.   The first order spectrum 
represents the function 

Y | R (y)|exP [2»^ ♦ l ArK R (y)]   = |  R (y)    e  ^V 

y = V R(y)   r ( J!-) 
^2 

where the delay variable T has been replaced by a proportional distance variable y.   This 
function has the desired factor,  r (y), which carries the amplitude and phase of the radar 
data In the correct form.   This part of the local plane distribution enters the rrmalnlnK 
section of the optical processor. 

The film Is, of course, two-dimensional and the carrier can be introduced In either 
the time (x-dlmenslcv) or the single pulse variable (y-dimension) or even in a skewed 
direction.   The single pulse radar echoes are defined by 34 or less samples (complex 
numbers) depending, on the numbe; of radar range channels used.   However, more samples 
are needed In writing the film to represent the spatial carrier.   The desirable number of 
pulses to be used in one Integration frame is from about a hundred up to one thousand    A 
50x50 mm square on 70 mm film contains one of these frames of radar data.   A spallal 
carrier frequency of 10 line-pair per mm (cycles mm) or g.eater Is desirable to get the 
data-carrying fringe out of the "processor noise' region arour.d the direct beam. 

The coherent light used In processing the radar data must Interact In a linear 
(amplitude) manner rather than as addition of Intensities (power).   For proper operation 
the amplitude transmission coefficient. T     of the film (after developing) should be propor- 
tional to the function In equation (12). 

/,' xl/2 
TaHr j       = Ro   + I * (X , y) |cos [ 2^   ♦ Arg R (x, y) ] 
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Figure 6.   Diffraction Pattern Introduced by the Spatial   Carrier 

»here l' : light intensity transmitted by the recording 

lo: Intensity o* the coherent read-out beam in the optical processor 
H,,: bias level 

|R(x. y)): envelope of the radar data translated to film coordinates 

Arg R(x.y): phase of tne radar data translated to film coordinates 

f0: spatial carrier 

y : distance coordinate on the film proportional to fine range (or delay) 

on a single radar echo 

X : distance coordinate on the film, orthogonal toy, which takes on sucessive 

values for successive radar pulses (1 e. proportional to time). 

If Die spectra of tit radar pulses are recorded, the variable y is proportional to frequency 
measured across the radar signal band,  rather then to delay with in the echo response 

The transfer characteristic between the grid drive of the CRT and the film transmission 
coefficient determines the operating points. This is discussed, with reference to experi- 
mental data, in Section IV. 
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i I 
c. Sampling and Spot Size Effect« 

The grid drtve ol the CRT is modulated by digital information which has been D/A 
converted from a magnetic tape.  The individual data samples are nine-bit quant'ties.   The 
actual echo data shows symmetric deviations about a central bias level    Thus, the max- 
imum amplitude is half t'.e quantizing range, and equal to 355 times the quantizing step. This 
"contrast" Is equivalent to 48db.  A signal 30db below the maximum would be 18 db above the 
quaatizlng unit. Its oscillation would be represented by the first 8 quanlUlng levels.   The 
rather fine subdivision afforded by nine bits gives some freedom In operating with a mark- 
edly non-linear transfer characteristics, when pre-compensation of the tape data Is used. 

A given CRT-trace (e g. radar pulse  contains many of the individual nlne-blt samples 
the sample density must be greater than that ut the original radar data because the informat- 
ion Is now In sidebands of the spatial carrier.  The "sampling theorem" gives a maximum 
spacing irf A v    1    where W Is the highest spatial frequency In the signal.   However, this 

2W 
rate is not suitable when a finite section of a signal Is to be represented.   A higher density 
is needed to reduce the "truncation errors" as developed In Reference 3. 

A representation of this effect In the frequency domain Is shown In Figure 7. Th* 
spectrum of the band-limited waveform to be recorded Is represented In Figure 7.     When 
this '/Aveform Is sampled with a spacing Ay, the associated spectrum becomes an Infinite 
set of replicas separated by^l_   o ^ Flgure 7     The Bpace ^^ .ucce8S,ve ^„^ 

Is referred to as the guard land    Because the waveform Is band-limited, Its time repre- 
sentation cannot be Identically zero outside some finite Interval. Recording only a segment 

 n  ,  m . 
'o 0 

(0) 

f« 

—\    \~- oua«o BAND 

^m   .   rin   .mn   ,   n|( 
'(^Ayj-iy Ay    '«'A1, 

(b) 

NAy 
SCANNING 

-*l*- FUNCTION 

Ay (c) *y 

""*""      i i ""---»"id— 
r        -fo     o f0          -i-    — 
Ay A» 

(d) J 

Figure 7.   Effects of Sampling 
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o< this signal thus changes the spectrv.^ again. U N samples ar* recorded, the signal Is 
effectively gated by a rectangular ware NÄy in width. The frequency domain effect Is that 
the set of replicas (In M3b) Is convolved with the transform of the gate. The latter "scanning" 
function is   sin » f NAy which has first tero crossings at f= J_ . It is important that the 

t^Ay NAy 
guard band be several times wider than the main lobe on this sin X function.   For example, 

X 
the third sidelobe oi the scanning functLw is some 20 db down while the fifth is suppressed 
about 25 <Sb.  Sampling at the rate 3f0 (fo being the spatial carrier) gives a wide guard band. 
The convolution effect is shown in Figure 7. 

Actually, point samples :.re not produced by the O/A converter which drives the CRT 
intensity control. Instead, the troltage adjusts to the digital input rapidly (5 usec or less) 
and remains at the steady level until the next sample. The effect is of a "boa car" where 
each sample is convolved with a rectangle of width Ay . the space between samples.   This 
means that the spectrum Is multiplied by an envelope   sin » f^y as in Figure 7.    The spot 

tfAy 
size of the CRT. the camera lens, and the lllm Itself introduce further frequency transfer 
(unctions.   These should be maintained as broad as possible (1 e. resolution not degraded) 
to minimize spectral distortiun. The spot size appearing on the lllm and the associated 
spatial frequency transfer (unction are reviewed in Section IV. 

To recapitulate, the spatial carrier (0 must be chosen larger than the Inherent data 
landwldth so that the sidebands (fringes) will be separated.   The digital sampling rate must 
be slgnldcantly greater than 2(0 Is more than adequate. 

The maximum Inherent bandwidth of the single pulse data (when on dim) is easily 
found   Th«' actual radar response has a bandwidth not greater than the reciprocal of the 
resolution cell length.   When this cell length is expressed in mm on the film. Us reciprocal 
is the spatial bandwidth of the envelope and phase modulation of the data trace    There will 
be. at most, 84 tells In SO nrn    Thus the data bandwidth is 

84 " I 68 cycles trtn (line pair nrn) 
50 mm 

Because an actual target will shift about somewhat In the real time range gate, some chan- 
nels on the ends will not contain useful Information    Thus. 84 range cells is an upper limit, 
with 60 -75 cells being more likely   The data bandwidth reduces to only I 2 cycles irni with 
60 range cells    If the spectrum form of the data Is used, one would have the same Inherent 
iMindwidth    In this case, variations having n 42. n 41.       .   n^40. n*4l cycles in 50 mm 
(n being the number (4 spatial carrier cycles) are required to represent channels  -42.   -41, 
... 40. 41    Again the maximum difference frequency Is 84 cycles In 50 mn or I 68 cycles, 

mm   This inherent bandwidth Is for the single pulse (y) dimension or direction or direction 
on the film 

In the x-dlreclion. the bandwidth (4 the doppler variations erf the radar signals appears 
as spatial frequencies    This Is the direction of film motion in the camera   The data band- 
width In this dimension depends r»n the »are«?! as well as on the radar waveform and prf 
It Is possible (indeed, a common oc(urance) that the radar prf Is too low for unambigous 
data samples   Thus, the doppler ((-direction) bandwidth will be taken as the maximum allow 
ed by the prf    A phasf change lying between -180   and »180 Is allowable from one pulse to 
the next    The relative difference is 180- (-180) or one cycle    Thus. If 1000 pulse traces are 
written In the 50mm aperture, one could have a spatial doppler frequencies spanning 20 
cycles mn     Lower frequency excursions on the film can be obtained by Increasing the dis- 
tance between traces or by repeating the same pulse data In a sequence of redundant lines. 

The spatial carrier has been Introduced In the single pulse trace since the data band- 
width there Is rather low   In synthetic aperture radar processors the carrier usually appears 
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In tne time ordoppler dimension.   These systems have many more range cells and hence 
more cross (Um bandwidth than in the present case   In the present case, the spatial carrier, 
if Inserted in the x-direction, would be unrealistlcally high, considering the resulting sam- 
ple density and the tube spot size    We thus restrict further to-mat consideration to a 
carrier in the y-direction with either the time domain or frequency domain representation 
of the echoes. 

4    SUMMARY OF ERROR SENSITIVITIES 

a   Introduction 

Positional errors in the training beam, film drive deviations from constant speed, 
phospnor and film noise, and ti« transfer characteristics of the CRT,   lens, and film will 
all caus* errors in the transparency-  When the film Is used In the coherent optical processor. 
It acts as an extended, two-dimensional source. That Is, the plane wave of coherent light 
impinging on it Is modulated by the local transmissivity of each region of the film. The emer- 
ging light superimposes coherently (at a large distance from the film) to form an interference 
pattern. This pattern is the two-dimensional Fourier transform of the amplitude transmiss- 
ivity of the film. 

The presence of the spatial carrier allows one to separate a fringe, carrying the ra- 
dar data modulation, from background light in the direct beam.   However, the spatial 
carrier has the effect of converting small errors in the location of the writing beam to 
relatively large phase fluctuations in the echo data.   For example, If the carrier Is 10 line 
pair per mm, one cycle (360°) occupies  1 mm, and a 3. 60 phase error corresponds to 

IT 

jnly    I    mm (one micron).   The phase error due to a positional error Is proportional to the 
1000 

spatial carrier.   This carrier frequency cannot be arbitrarily reduced, however,  becasue 
the data-bearing fringe must be deviated away from the direct beam and the processor noise 
region near zero spatial frequency. 

The film acts somewhat like a two-dimensional antenna composed of Individual elements. 
Both have radiation patterns given by the Fourier transform of their aperture distribution. 
Analysis of error effects can be based on this analogy.   The film Is regarded as consisting 
of cells (elements) each with amplitude, phase, and positional errors. There are two ways 
of picking these elementary cells.   The first Is to regard each sample point (9-bit number) 
transfered from tape tc film as a separate element.   There are between 1000 and 2000 of these 
points m a trace and between 100 and 1000 traces or lines In a data frame. In Appendix II, an 
error analysis is carried out from this standpoint. 

The second viewpoint is to think of each trace as composed of radar resolution cells or in- 
dependent spectral components, depending on the format. There are, at most 84 such cells 
in a trace, with 60 being a more likely number.   Again, there are 100 to 1000 traces.   In this 
second approach, the true fine structure within the cell is by-passed and a resultant ampli- 
tude and phase error applied to the cell as a whole. If the spatial carrier is 10 line per/mm, 
and 60 cells are recorded in a trace there will be 

50 mm 10 cycles , _       .     ,    .. 
«nTTTT.       x -^        "      8.3 cycles/cell OOcells mm 

There is little difference In the two view points for Format I data, since there is no 
Integratlm across sub-elements of one range cell.   The transformation Is In the orthogonal 
direction. The difference arises In Format II where both direction are transformed.   In this 
format, one should use the number of independent samples per range cell in defining the re- 
sultant amplitude and phase error for the cell. By Independent samples, we mean those 
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chosen far enough apart so that the random sweep errors are not correlated.   There is corr- 
elation between successive positions of the actual 9-blt data words so that using ihti? data 
points as independent (in the sense oC positional errors) gives an optimistic estimate of the 
performance in Format n. Using the range cells as the basic independent elements is more 
pessimistic, since there are fewer samples superimposing in the transform pattern. 

b. Format I Errors 

Random errors will be considered first, then systematic errors which are of lesser 
importance.   In this format, a range cell swath along the film (x-directlon) is being trans- 
formed.   It acts as a linear array of elements, one for each radar pulse trace.   Amplitude 
errors arise from phosphor and film irregularities and sweep errors which stretch out or 
compress the 9-bit data samples.  Phase errors (which are more critical) arise from sweep 
positional errors and from film drive Jitter. The amplitude errors and the first type of phase 
errors are similar to "element current errors" in an antenna array while the second type at 
phase error in similar to "element placement error" in the array.   The former affect all 
beams (or positions along the output doppler axis) equally. The latter have no effect for the 
broadside beam (zero doppler) and maximum effect on the most deviated beam (maximum 
doppler).   The worst case will be considered. Because maximum (positive) doppler corres- 
ponds to data having a phase shift of »   radians between traces, a fractional error in the 
trace spacing £*_ «  (positional error)/(trace spacing) results in a worst phase error of 

xo 
Ax 
^— »     Actual errors for a beam corresponding to a smaller doppler are reduced by the 

ratio of this doppler to the maximum doppler.  Jitter in the trace sweep produces positional 
errors in the y-direction. If this error Is Ay, the associated phase error is 2ti0^y where 
I., is the spatial carrlir. 

The one-dimensional transform used lo process Format I data has the form: 

M(rmn-y   T(in"f)e'2,:if,{     m fixed (13) 

< -L 

where      (2L»1) : number of radar pulses integrated 
u : output light distribution (first fringe) 
I : transform variable in output plane, proportional to doppler frequency 

m : delay coordinate of the m'*1 rarn^e swath, measured across the film. 
X^ : positional coordinate of the< ,h sample point In the range swath,  measured 

along the length of the film. 
K m.O- complex transmission coefficient for the film, corresponding to the upper 

sideband (fli^i fringe) produced by the transmlssivity expressed in Equat- 
ion 12. 

For a given echo center, therm- coordinate (delay) Is nearly constant.   The integration 
or summation is done for a fixed value of delay so the dependence ^n this coordinate will not 
be carried explicity. The nutation ran be simplified to: 

•Crt       c     I        o^   e
1^    , "1 (N) 

where        T; ■ - 2»^ :  the cross-range variable 
xo:tho nominal spacing of the traces (pulses) on the film 

c: a complex constant, exp (2si f0 ai T0)   representing the nominal phase factor 
for the ml" range cell 

To : spacing of the rtnge cells on the film. 
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a.: amplitude, a random quantity with mean equal to the nominal (correct) ampli- 
tude and standard deviation (a   a. )   Thus, the standard deviation of the 
fractional amplitude error Is 9. a 

8.: phase, a random quantity with mean zero and standard deviation a&   It Is 
composed of the sweep and trace spacing error terms discussed above. 

Error analysis which apply to this problem have been done many times- J. Ruse "Phy- 
sical Limitations on Antennas" TR248 Res.  Lab. of Elect MTT Oct. 30, 1952 contains an 
early example.  We outline the error analysis but do not carry out all the steps. One defines 
the r-al and Imaginary parts of W (r) : 

X -     ^     0    cosdr^e.) (15a) 
I --L « 

Y-     L      0   sln(fT^ (15b) 

the envelopetwland phased: 

IWU (/ ^2) ;«»xtan      ( Y/X ) (15c) 

For large N (say greater than 10) and mild assumptions on the distribution of »j and 6.    one 
can invoke the central limit theorem and treat X and Y as Gaussian variables.  The probab- 
ility distributions of X and Y are 90 

l        l, 5*2 ,2^2                            1       -(Y-Y) V2a/ 

When the amplitudes have an even distribution (ft|     -    & .) and when the phase errors are 

symmetrical about zero so that slnTi   >  0. one has the mean of the Imaginary component 
equal to zero. 

Under these conditions, one can also show that the correlation coefficient of X and Y van- 
ishes.  Since they are also nearly Gaussian, they are almost Independent, and their Joint 
probability p (X, Y) will be taken as the product of p(X) and p(Y). In order to f.nd the stat- 
istics of the envelope IWiand phase ♦one converts to polar coordinates. 

The distribution for th» envelope becomes the modified Raylelgh distribution 

P(M. Iwi.'^dwiMr2) i0(Xiwi) 
a2 <r* (16) 

2     2    2 
The approxlmatlon^.tyajhas been used. It turns out that this Is valid In the sldelobe re- 
gion of the Integrated pattern W (T)    Wheno»x (noise power much greater than sldelobe 
power), the distribution Is nearly Raylelgh: 

w       -^12/2^2 
P(|W|) -  -—« ;o»^ (17) 
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Whena^JT (noise power much less than nominal sldelobe power), the distribution hau a 
Gausstan shape about the mean sldelobe pattern. 

p(|w|).riwr  1      "5^2    (<W|/x2) 
V -T TTT^e 2'z _ (18) 

;<r«X 

The limiting form for noise larger than nominal stdelobes will be used for estimating 
allowable tolerances. In this case, the mean Is approxlmateljL/f- 7 and the root mean 
square <r     There Is a 99% probability of all values being lest than the 3 «r value. 

The parameters of the envolope distribution, IT and», can be simply expressed in 
terms of the Individual phasor errors. For simplicity, the phase errois are considered to 
be normally distributed with mean aero and common variance or2    The percent or fractional 
aimJlltude eirors are taken to be normally distributed with zero mean and common variance 

We have 

Y. 0 

The variances uf X"and Y may be calculated using the expressions 

~Z'  öJ2(l^o2); ^^^2^,   ^   .     wrT-. 2(r2 

The average at a2 and <r 2  Is Independent of r . 
Y 

'2sf<'x2-?)-r<'o2-'e2> A Tc2 (19) 

The mean square sldelobe power level (due to errors) Is 2<r2. The ratio of this mean square 
power level to the expected main lobe peak power Is: 

rn2 

*M     l~a*    iAJ*)'       ' '* (20) 

The (l-<r- ) term In the denominator arises from the factor C06 0«   In the expected peak 
The sumiftatlon in the denominator is the nominal  peak of the pattern. The factor R, the 
ratio of the two summations In the last equation, is equal to     I     for a flat amplitude dls- 

2U1 
trlbution of (2L+1) components. When taper is employed this factor is somewhat greater 
than (2L*1) -» ; for example, it is 0. 025 for 51 lines with S3 db sldelobe suppression    A 
curve of R Is given in Appendix II. 

The sidepower has 37% probability of exceeding the mean square level. However 
there is only 1% probability that a sldelobe exceeds the mean square level by more {haii 
6. 5 db.   If we set the mean square level at 30 db, the i»9% confidence level is 23. 5 dö and 



the parameter 2or 2 / x 2 (0) I» 0. 001.  The number o< pulses Integrated Is not entirely our 
choice since It depends on the rotation rate of the object. We will take the conservative 
estimate o( 100 and make R = 0. 01. Taking the major error sou -ce to be In the phase (trace 
and carrier positioning), one has 

«r 0.001    or   ^ ^Q 3 niiian .   j^   cycle 

iT^T  =    O.Oi e 20 
e 

When the phase error Is dominated by the sweep velocity Jitter, the tolerance rf 1/20 
cycle results In the following positioning tolerances. 

Spatial Carrier 

15 line pr/ran 

10 line pr um 

Film Position Error 

(1/300) mm« 3. 3 micron 

(l/200)nins 5 micron 

Fractional Error (50 ran trace) 

6.7 x 10 -5 

10-4 

(100 pulses Integrated) 

I! the phase error Is attributed solely to film drive non-linearities, the 1/20 cycle 
tolerance results In a fractional trace position error at 10^.   The film drive Is much better 
than this, sc this error source may be neglected In practice.   To b» comparable to the phase 
error ol 1/20 cycle, the amplitude error would be about 30%. Thus, the poetttoral Jitter due 
to sweep velocity will dominate the error sources. 

In Figure 8,    the expected sldelobe level Is plotted versus the design level (which Is 
achieved by a certain amplitude taper across the aperture) for various values of the paramet- 
er v/ If (0).  These curves show a saturation level when the error power dominates the de- 
sign sldelobes. 

In the region beyond the knee In the curves (where the error power domlnatesthe de- 
slar level), the rms sidelobe is 1 05 db larger than the expected sldelobe and the 99% con- 
fidence level Is 7. 58 db larger.   For example. If the expected peak to sldelobe ratio Is 30 db. 
the peak to rms sldelobe Is 29 db. and the peak to 99% level Is 22 db 

Format I Involves a one-dlmenslonal Integration In the direction of film motion (x- 
dlrectlon) with the spatial carrier In the y-direction. The envelope data In the y-direction 
Is simply imaged onto the output film.   We have seen that random positional errors along the 
sweep should not exceed one part on 104. Systematic errors, which repeat Identically on each 
trace can be much larger In order to estimate peak locations to 1/ lO'th of a range cell, the 
maximum systematic deviation In the range direction should not exceed one part In 800 
Systematic variations In the film velocity have the same effect In both formats, 
and the analysis will be outlined in the following discussion of ."ormat II 

c.  Format 11 Errors 
5 

Format 11 Involves a two-dimensional Integration for each output cell.   Ruse's paper 
shows that In this case the factor R become» 

R"l^Z-L       i£-M/2    ^"^fA,    m.-M/2 )aimL*l)) (21) 

As was pointed out In the Introduction to this section, the number M should be the numbr 
of statistically Independent samples along the data trace.   A pessimistic estimate Is that an 
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Figure 8. Sldelobe Level Vs Design Level 
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entire range cell (roughly 10 cycles of the spatial carrier) Is correlated.   The number o* 
independent samples In a trace will be taken to be 100 (which Is an order of magnitude snul 
ler than the number of sampies per sweep. 

UslnK 100 pulses, as oefore. with 100 Independent sweep samples, one finds R to be 
0     Instead o< 10-* .   Thus, the random error tolerance, <r.   can Increase by a factor nf 

10 compared to Format I For given tolerances, the added dimension of Integration will 
raise the performance limit by 20 db. This can be seen In Figure 8 . It Is therefore ex- 
pected that random errors wl 1 degrade the output when Format D Is used as severely as 
In Format I. ' 

The systematic errors In Format U can create a problem.   The repeatable non-llnear- 
Itles In the sweep are not simply imaged on the output film.   Instead, the processor does 
a.!PfÜnÜ analjrsl8 ^ ,he "on-»nearlty and produces mam lobe broadening and localized 
sldelobes accordingly. 

One divides systematic non-linearities Into two types - those without a repetitive 
structure and those with repetition or oscillation. The first are analyzed by representation 
with a few terms o* a power series; the second are represented by a Fourier series    The 
power series type produces distortion of the main lobe and perhaps cloee-ln sldelobes (for 
small errors). The oscillatory type gives rise to localized sldelobes having the appearance 
<rf diminished main lobes or •echoes". «ppearance 

Calculations for quadratic phase errors appear In Theory and Design of Chirp Radars" 
^     ^"L    ^lCe• D*r,lnKton ^ Albershelm, Reference 4.     A combination of quadratic 
and cubic phase errors Is treated In Reference 2.     When no spectrum taper Is employed 
appreciable degradation occurs for a maximum phase difference across OK aperture^ 
I ,,     For weighted spectra (say 25-30 db nominal sldelobes) total phase deviation of   , 

tow   is tolerable,  /ictually. systematic error of deviation» will produce Urge main lobe 
broadening (a factor of 1. -I ,o 1. 5) and peak reduction of 15%.   A deviation of T TmuchTess 

T 
severe, 5% reduction of peak and broadening by a factor of L 1. 

At a spatial carrier of 10 line pr rnn, a deviation of ir represents 1 20 nwn   This r - 
presents (M000) th ^ the SWeep length and Is a mori- stringent than In Format I    In fact 
Format II has comparable tolerances on random and systematic errors, about 1 part In 1000. 

Errors of the oscillatory type are best represented by Fourier components.  For ex- 
ample, an amplitude ripple, would modlfv the pattern as follows- 

M/2 
W^-     i.M/2    <'n>

A-<'"T-)l.imr (22) 

= W0(r)+rAe     W0(r*T)*|-Ae       W0(r-T) 

where W0 is the nominal pattern and the summation represents Integration In the dlmemlon 
having  he oscillatory error. Thus, In addition to the nominal pattem,there are two "paired 
echoes   of relative amplltude(l/2)A, located +T away from the central peak.   If we require 
no pa red echo (due to amplitude ripple) be greater than -26 db, A cannot exceed 0 1 or 
l(r* ripple amplitude. 
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A similar analysis applies to repetitive phase errors.   A single phase oscillation of the 
form B cos (mT +p) will be considered. 

M/2 iBco«(mT*/3)       imr 
W(T) =   j- aine • 

m = - M/2 
M/2 

"   T 0m|Jo*2U1 (B)co8(mT*   )-2J0(B) co8(2roT+2Ä) ♦ ...    e 
m = ~Wi * 

(23) 

For small phase ripplo, B < 0. 4 radians, one uses the approximations 

Jo=1' Jl (B) = l/2 B' J2 (B) = 0 etc- T'* expression above reduces to 

W (r)-W0(T)* 1/2  IBe'W0 (T*T)*i/2 iBe~'^W0(r- T) (24) 

Tnere are two "paired echoes" arising from t.« phase ripple, in quadrature with those 
associated with a similar amplitude ripple. If the criterion of -26 db suppression of these 
ecnoes is applied, one must keep t.»e ripple coefficient  B less than 0. 1 radian (5. 7°). 
Suppression of -20 db would require the phase ripple less than 0. 2 radian (0. 032 cycles). 

The tolerance on the oscillatory part d the systematic phase error Is quite severe. 
At a carrier of 10 line pr/mm the 0. 1 radian tolerance (-26 db suppression) represents only 
(1/630) mm on the film, when in the sweep length. It should be emphasized that these effects 
are associated with a sinusoidal sweep or film velocity variation giving range lobes and 
cross-range lobes respectively. It does not represent the total systematic error which un- 
doubtly has a non oscillatory part. Degradation caused by systematic errors in »he sweep 
velocity have been observed in processed outputs with Format II recordings.  Simusoidal 
drive speed variations would produce paired echoes in cross-range for both formats. This 
has not been observed in the outputs. 
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SECTION m 

EQUIPMENT DESIGN PARAMETERS 

The film recorder was designed to provide a stable and accurate trace from which to re- 
cord data on film.   The recording on film 14 accomplished by repeating a one-line »can across 
the face of a CRT and moving the film past the image plane at a constant rate.   The rate of 
film motion is set such that lines are written closely spaced with some overlapping. 

1.   CATHODE RAY TUBE ASSEMBLY 

The rewjlutlon requirement was to provide a dynamically focused spot of less than 1.5 
mils size (measured at the 70% points).   Sweep accuracy was to limit spot Jitter to 0.5 mils 
from sweep to sweep.   Intensity compensation was provided to prevent long term threshold 
instability of the CRT trace. 

The CRT Assembly contains all circuitry necessary to display video Information by Inten- 
sity modulating a single line trace on a 5CEP11 cathode ray tube.   External signals necessary 
for proper operation of the film recorder Include a start pulse, slop pulse, film drive fre- 
quency control, and video Input. 

The start and stop pulses provide the proper timing and voltage amplitudes required to 
sweep a four Inch trace on the face of the CRT.   The start pulse Is reshaped by a logic differ- 
entlal  receiver and expanded, via a monostable multivibrator.   Reshaplr« and expandlr« of 
the stop pulse Is also provided.   Both pulses provide Inputs to two nand gates connected In a 
nip flop configuration.   The output of this flip flop determines the lime that an electronic 
swittn allows the Integrating capacitor to charge.   This output Is then amplified and offset 
about zero volts since the final dellecllon amplifier Is double ended (push-pull).   To compen- 
sate for the fact that the 5CEP Is a Rat faced tube, the sweep voltage is predlstorted prior to 
final amplification.   This predlstortlo 1 Is accomplished thru a diode-resistor linearity matrix 
which changes the shape of the sweep tamp such that the trace velocity will be uniform across 
the face of the tube. 

Variation In line width or spot growth from the center of the tube to the edge can be as 
great as 5:1 over the center specified spot size (1. 5 mils In 5CEP).   To prevent this growth 
dynamic focusing must be accomplished.   The Ideal dynamic voltage waveshape Is a 120 volt* 
parabola which modulates the focus power supply.   To generate this waveshape, a piece-wise 
linear approximation to the parabola from an operational amplifier modulates the focus power 
supply,   A brightness control Is provided so that proper operalli« bias may be obtained from 
tube to tube. 

To Insure that the design goals are set forth for the film recorder were met, the com- 
mercial power supplies were specified to have 0, 051 regulation.   The anode and focus power 
supplies were built ln-hou»e by Westlnghouse and were 0.01% regulation.   This tight regula- 
tion was to prevent random spot growth.   An attempt was made In the design of the analog 
circuits to molecularlze as much circuitry as possible. 

2.   CAMERA SYSTEM 

a.   Lens 

The system camera was provided by Photogram met ry, Inc., of Rockvllle, Maryland. 
It was designed specifically for this application and Is designed to record Intensity modulated 
traces from a 5CEP11 CRT onto continuous 70 mm film at a 2:1 reduction.   The film Is con- 
tinuously advanced by a fre^iency synchronized capsUn during exposure. There Is no shutter 
and exposure Is controlled by sweep Intensity and lens openly. 
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The lens Is a Boyer-Beryl 110 mm f. L    Beryl lew havlti? a maximum aperture »f 
f/6.8.   The lens r.ountlng allows continuous focus adjustment over the desired range.   A re- 
flex mirror is so mounted that it may be rotated to reflect light collected by the lens onto a 
high resolution,   Polacoat Lenscreen. which is set closely in the focal plane.   The CRT sweep 
was focused en this screen and observed with a 120X microscope assuring optimum practical 
>ocus. 

b.    Film Drive 

The camera drive system, manufactured by Sequential Electronics Sy    .ms. Inc., 
consists of a film drive servo controlled capstan and a constant torque film tenr'on take-up 
system.   This may be n en in Figure 9  .   The capstan servo system, completely eliminates 
the Inherent limiting duraclertstics of sampied-data phase locking systems that derive feed- 
back information from a pulse rate tachometer. 

The Infinite resolution Band-Scan Rtadoul h&s the unique capability of ele'.tro-optlcally 
monitoring continuous speed/phase coordinates converting this informaüon into the required 
digitized format at a constant conversion rate which Is independeni of shaft speed.   It com- 
putes speed with zero error and position or phase with a maximum peak Inaccurary of 0. 33 
arc seconds, at a minimum sellable conversion rale of 20 KHz.   This arvm produces a rate/ 
position control system with  a constant closed-loop control bandwidth  tn the order of 3 KHz. 

The reference input to the Band-Scan Reference Generator is a aignal whose frequency 
directly corresponds lo commanded motor speed and whose phase relates to drive shaft posi- 
tion.   The standard speed-frequency conversion ratio Is such that Motor RPM • K x f, where 
K Is the conversion ratio selected for a given application and f is the reference frequency. 
The Reference Generator samples and stores speed/phase command Information.   Updating 
of the coordinates in storage Is once per cycle of the reference.   The Interrogation rale of 
the Generator for Information fed Into the Band-Scan FPL is automatically trade compatible 
with Ihr conversion rale of the Band-Scan Readout. 

The Band-Scan Computer compares the commanded speed/p. ise information produced 
by the Reference Generator, with the motor shaft speed/phase coordinates measured by ihe 
Band-Scan Readout, and produces a dlgitallzed error signal.   The Digital to Analog Converter 
converts this error signal Into an analog voltage, with a conversion rate that Is automatically 
made compatible with the conversion rale of Ihe Band-Scan Readout.   This conversion is per- 
formed with no significant time constant, and with virtually no ripple, which permits design 
of an extremely wideband, high gain control loop.   The Stabilization Section contains stabili- 
zation circuitry which applies phase, velocity, and acceleration control In the proper ratio, 
and with the proper frequency characteristics, lo optimize the desired closed loop performance 
of the control loop.   The Driver unit supplies the correct excitations to the motor windings 
to maintain constant shaft velocity.   The driver and motor windings are operated In a secon- 
dary, closed-loop manner, to linearize the torque output charactfrisllcs, and lo vlrtually 
eliminale the electrical time constant of Ihe motor winding. 

The position sensltlvily of Ihe Readout is such that if Ihe electronic gain were unity, 
less than 100 arc seconds of position error would correspond to a full applied torque command. 
Achievable electronic gains with the proper stabilizing element«- are on the order of 40 db. 
This results In a total open-loop gain of 1,000, 000 (120 db) radlans/sec/radlans; it produces 
an absolute closed loop position control accuracy on the order of seconds of arc. 

3.   DATA RATE 

The input to the SDS 910 Is a tape written at a density of 556 bits per Inch. On this tape 
are records of date (a record Is one pulse of radar data which Is also a single sweep across 
the face .if the CRT) each of which Is 1024 or 2048 words In length. There are nine bits per 
word. The highest possible Input rate to the SDS 910 Is 5 records per second, the lovest Is 
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Figure 9.   Block Diagram of Camera Servo Control System 
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2. 5 records per second.   This corresponds to 200 and 400 milliseconds between tine start 
pulses, respectively.   The highest data rate at the output o( the SDS 910, therefore, Is 
92,160 bits per second and II occurs when using records of 2048 words and 200 milliseconds 
between lines star, pulses (1. e. 92,160 bits/sec - 5 X 9 X 2048).   The lowest usable data rate 
Is 23,040 bits per second = 2.5 X 9 X 1024; this occurs when using records of 1024 words and 
400 milliseconds between line start pulses.   Normally, the film recorder Is operated using 
the highest data rate. 

It Is necessary to know how many pulses of radar data can be written on a magnetic tape. 
Since one word requires 12 bits, at a tape density of 556 bits per Inch, there are 556/2 words 
per Inch.   If the record length Is 2048 words, then have (2/556) 2048 * 7.37 Inches/pulse. 
Between each pulse there Is a . 75 inch record gap.   Therefore, the number of Inches per 
pulse is 7.37 ♦ . 75 = 8.12.   The magnetic tapes we use are 2400 feet long.   Therefore, the 
maximum number of pulses per tape is (2400/8. 12) 12 = 3550.   At a record lei^th of 1024 
words, (here are 2(3550) or 7100 pulses tape. 

4.   D/A CONVERTER 

The D/A converter (SDS DX15, SX1I) is used to convert the digilai data from the SDS 910 
to an analog voltage that is applied to the grid of the CRT of the film recorder.   The block 
diaRram below (Figure 10 ) shows how the D/A converter is used in conjunction with the 
SDS 910 and the film recorder (all numbers are SDS numbers). 

OUTPUT 
SOS 910 

INTERFACE 
(NXS0.ICI5) 

ADDRESS 
GATES 

(ICIL.lCtS 
FC2D) 

D/A CONV 
(0X19.SXII) 

>ANALOG SIGNAL TO CRT 
OF FILM RECORDER 

•START OF LINE PULSE 

•END OF LINE PULSE 1 TO FILM RECORDER 

OSCILLATOR 
100 KHi 
(CXI3) 

DIVIDERS 
(ICI2.FC20. 

FCI9) 

TO CAMERA DRIVE 

•10 KHt-TOREAL TIME CLOCK 
INTERNAL TO SDS 910 

Figure 10 .   Block Diagram of SDS and D/A Converter 
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The output of the SDS 910 are records of either 1024 or 2048 words each.   Each word has 
an amplitude In »he range -255 to 256.   The D/A converts these digital amplitudes to analog 
voltages fanging from -10 to +10 volts.   The actual signal supplied to the CRT is shown in the 
diagram below (figure 11 ) which assumes 2048 words per line. 

TOCRT- 

4 ll$€C   _ 
PRESET VIDEO 

70 MSEC — 

MINIMUM OF 200 MSEC 

VIDEO-PICTURE ELEMENTS (TYPICAL.FOR 2048 WORDS PER LINE) 

32 USEC 

5USEC 

SIGNAL TO CRT ASSEMBLY 

Figure 11 .    DA Converter 

Thus each computer word (amplitude) is replaced by a constant voltage of 32 u iec. The 
higher the voltage supplied to the film recorder, the brighter the spot will be on th> face of 
• he CRT. 

In addition, the following line start and end of line pulses are supplied to the film .e- 
corder:    (See figure 12). 

Start of Line Pulse 
• H volts 
0 volts 

End of Line Pulse 8 volts 
0 volts 
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+ 8V 

ov 
- 4.6 USEC H 

Figure 12   .   Line Start and Stop Pulses 

5.   FILM DEVELOPMENT 

Kodak 2490 Film may be processed and loaded in the camera in (he presence of red light 
with wavelengths longer than 57S0A6. 

A special light source has been assembled which provides variable illumination without 
affecting film fog level. 

Film development is done in a special dark lank which has a spool for 70mm film. Chemi- 
cals are poured into and from vents In the top at the cannlsler. 

Steps in the development are listed in sequence. 

(1) After film is loaded on spool and placed in cannister with cov«?r secured, fill with 
developer and continuously agitate.   Time In developer is taken from gamma vs. lime 
curve.   (Figure 13  ). 

After elapsed time the developer is poured out.   If close lime control is desired It will 
be necessary to remove the cannister cover in red light and pour the solution out 
rapidly and proceed immediately to Step 2. 

(2) FiU cannister with KODAK stop-bath,   pour out after approximately 25 seconds. 
Because of the long time required to fill  and empty the cannister with the top on it is 
recommended that this be done with lop off in red light.   The purpose of this step is 
to stop the action of the developer.   Instead of KODAK Slop Bath the cannister may be 
flushed with water for approximately 10 seconds or longer and poured out. 

(3) Fill cannister with FIXER Solution.   The time for KODAK Fixer or KODAK Fixing 
Bath F-5 i.«i 2-4 minutes.    For KODAK Rapid Fixer allow 2-3 minutes.    Pour out. The 
film is now no longer sensitive to room light. 

(4) Flush cannister with 65-950F water for approximately 30 seconds and pour out. 

(5) Fill cannister with Hypo-cleaning Agent for 1-2 minutes.   Pour out. 

(6) Wash film In running water for 2-4 minutes. 

(7) (Optional)  To avoid water spots and streaks on the film the negative can be washed 
in photo-flo solution before drying. 
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Figure 13 .   Gamma vs Development Time 

6.   COMPUTER SOFTWARE 

There are two main programs that are used to process calibrated radar data and put it 
in a (orm suitable for use by the film recorder and the optical processor.   The first, the 
Optical Processor Program, is used on the UNTVAC 1108 computer.   It accepts pulses of 
radar date, interpolates each pulse to produce 2048 nr 1024 points, applies the spatial car- 
rier with phase, and adds a bias level.   This data is then written, a pulse at a lime, on a 
tape which is in a format compatible with the SDS BIO computer.   The second program is 
used by the SDS 910 computer.   It accepts the tape produced by the Optical Processor Program, 
and alternately reads from the tape pulses of radar data (each pulse is a record of 2048 or 
1024 points) and outputs them at a fixed rate In the DA converter and then to the CRT.   In 
addition,  tl also provides line start and line stop pulses and camera clock frequencies to the 
film recorder. 

In addition there is a third program, DATA2X, which simulates radar data and outputs it 
onto tape in the calibrated radar data format.   Till« program is used to test the UNIVAC 1108 
software,  the SDS 910 software, and the optical recording system when real radar data Is not 
readily available.   The program can simulate radar returns from a rotating target of rigidly 
connected scatterers.   At the present lime it is capable of simulating up to twenty scatterers 
each having an arbitrary amplitude,  relative phase, and any position relative to center of 
rotation.   These can be rotating at a described rotation rate, and recorded at a given pulse 
repetition frequency, for any number of pulses.   This program also retains the maximum 
amplitude for any number of pulses.   This maximum amplitude is used as a bias level for a 
frame of pulses by the Optical Processor Program. 

More detail concerning all these programs can be found in Appendix III. 
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SECIION IV 

RESULTS OF SUBSYSTEM TEST 

1.    FILM RECORDER 

The (Urn recorder coT.sole receives a.udog signal information which intensity modulates 
the beam of a CRT.   This display is recorded by a continuous 70 mm serra-controlled moving 
film camera. 

The display console receives from its signal source three signals, a pulsp to start the 
CRT sweep, analog video Information to be displayed during the sweep, and a sweep stop 
pulse.   The time between sweep start pulses may be varied at ■"ill between limt'.s but the 
video display time is fixed at approximately 68 msec. 

A simplified block diagram of the display console is illustrated in figure   14   . 

a. Circuit Operation 

Upon receiving the sweep start pulse the logic circuitry generates a variety of pulses 
at different time positions to operate the sweep, unblanking and optical feedback circuits. 
These pulse waveforms are shown on the system block di;»' -im with the times referenced 
against the externally provided sweep start pulse at t .        .0 msec rectangular pulse causes 
a gate switch to unclamp a Miller integra'or which then generates a linear ramp of 70 msec 
duration.     This amplified ramp drives the CRT horizontal deflection coils providing the 
horizontal sweep trace.   The logic circuitry provides a 2 msec pulse which provides switching 
pulses to operate the optical feedback loop.   This loop serves to maintain a constant operating 
brightness of the CRT tracer by providing a negative feedback loop which has as its reference 
an input voltage set by the "calibrate intensity" control.   This serves to maintain a constant 
brightness as CRT parameters such as cathode emission and phosphor efficiency are degraded 
with long term aging effects.   At the beginning of the CRT trace a phototransistor views the 
first 2 msec of the sweep.   This 2 msec sample is then held by a "hold" circuit for the dura- 
tion of the sweep.   The output of this sample and hold circuit provides the feedback voltage 
which Is compared against the "calibrate Intensity" Input by their mutual summing into the 
input of the video amplifier as shown.   The 2 msec display of the sweep viewed by the photo- 
transistor is turned on by the unblanking amplifier which is driven by an output of the logic 
circuitry shown In the figure.   The Brightness control varies the amplitude of the unblanking 
pulse but this has little effect on the trace brightness because of the intensity stabilization of 
the optical feedback and serves only to establish loop operating parameters. 

The video Input is amplified and applied to the CRT control grid.   The dynamic range 
of the CRT Intensity modulation is controlled by the video gain control. 

Dynamic focussing is applied to the CRT to compensate for spot nonuniformily across 
the trace.   Due to the geometry of the tube the focal length of the electrostatic lens must be 
varied as the electron beam is swept across the tube face to maintain optimum focus.   Tlvs 
focus correction Is a 120 volt parabolic pulse which is applied to the CRT in series with the 
2. 2 kv focus potential. 

b. Transfer Curves 

Curves are provided which enable the operator to determine the recorded film .:iiarac- 
terlstlcs.   Figure    IS , percent transmission versus calibrate Intensity se'.iing, g^vev a 
plot of '0' level operating points for various control settings.   This i ur\    is valid for 2440 film 
processed for unity gamma, and a pulse density of 16. 4 line pairs/mm on 'lie film. 
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Figure 14.    Film Recorder Block Diagra in 
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Figure  15   .   Calibrated Intensity Scttlr« 
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Figure  16  gives the dynamic swing of the video input signal in terms of calibrate intensity 
setting versus gain setting and may be read gmphically.   It should be pointed out that the 
operating conditions are subject to other effei is such as CRT and fll.ro grain noise, resolution 
limits and line density on the film.   At present the CRT spot las an astigmatic focus with ap- 
proximately a 2:1 height to width ratio.   With a 600 cps camera input frequency or a line 
density of 16.4 lines/mm there is line to line overlap which yield leas than a 5% increase in 
light transmission between pulses on the film negative.   This should effectively suppress itu 
Raster effect and relieve the impression that there is insufficient exposure of the film.   The 
line density recorded on the film is given by 

lines/mm 1. 96 X 10 
T x  L 

where T  is the period between line start pulses in seconds and f   is the camera input fre- 
quency in cps. c 

c.   Spatial Resolution 

There it some question as to the determination of the system spatial resolution aloi« 
the sweep.   Measurements Indicate that the CRT spoi size \n approximately I. 3 mils and is 
within the expected limits.   There is spot growth over the dynamic range of the system and 
thus the resolution limit Imposed by the CRT spo« size is a function of the instantaneous ampli- 
tude of the Input video signal and the 'O* level setting of the calibrate intensity control.   With 
a modulation transfer of 0. 5 the resolution on the film may be said to be approximately 55 
lines mm due to spot size alone. 
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Figure 16    .   Dynamic S*ing of the VIHeo Input Signal 

38 



The sample time of the D/A converter yield 4. 9 X 10     mm/sample or. the CRT face 
or 2. 45 X 10*' mm/sample on the film due to 2:1 reduction by camera op.ics.   It is not 
meaningful to speak of line pr. resolution as limited directly by the spatiil sample length but 
to find how many samples are required per unit length to yield the deslr* d results In the 
optical processor output plane. 

The combined 1/6. 8 camera lens and 2490 film with unity gamma has a modulation 
transfer function of 0. 5 at approximately 20 llnes/4nm with the modulation transfer being 
defined as 

Imax - Imin 
Imax + Imin 

where I is the transmitted light intensity through the film negative.   The system spatial re- 
solution Is a function of all the above mentioned Items. 

d.   Sweep Repeatability and Linearity 

It is necessary to provide close control of the beam as it is swept across the CRT 
face.   In order to minimize phase jitter of the special carrier, special care must be taken 
to reduce the electrical noise level In the deflection circuits.   After evidence had shown that 
such disturbances In the film record ould not be tolerated, special efforts were made to re- 
duce circuit noise levels until there was no longer any observable phase disturbances recorded 
on the film.   Acceptable noise levels would produce jitter In the trace which is on tht order 
of one spatial sample of the D/A converter or less.   This requires spatial noise of 5 X in-2mm 
or less.   It was difficult to translate this to circuit noise levels because the voltage observed 
is related to the deflection coil current by 

c      Ucoil f 
and, thus the duration of a noise pulse is as Important as its magnitude. 

Effective noise thai appears in the video chain has been reduced below the gross fog 
level In the recorded film.   Spurious noise, and ringing transients that are of short duration 
are effectively suppressed both by electrical filtering and by the effective low puss effect of 
the speed of the   film emulsion. 
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SECTION V 

RESULTS OF SIMULATED TARGET TESTS 

I.   BACKGROUND 

In addition to sub-system and system tests which were performed to check out the equip- 
ment, a number of moving targets were simulated for subsequent processing in an optical 
correlator to demonstrate system operatior.   In these tests, the returns from point scatterers 
were simulated as the scatterers routed rdative to the radar line of sight.   These returns 
were simulated once each 0.01° rotation, and w itten onto film.   The films were then sent 
to the Institute of Science and Technology of the University of Michigan where they were pro- 
cessed Inth-ür experimental optical correlator.   The processed film demonstrated the cap- 
ability of the optical processor (both the film recorder and the optical correlator) *nd was 
useful in potting out abnormalities In the recording process, as well as In demonstrating 
successful recording for processing 

2.   FILM FRAMES PRODUCED 

A listing of the film frames provided to 1ST Is given In Table 2 , all of which used simula- 
ted date.    Further explanation of the target configuration and orientation for which the 
simulated dati was generated follows the table. 

TABLE 2   FILM FRAMES FOR 1ST 

FRAME NO. 

Jl. 2 I SPATIAL 
3/CARRIER 
41 ONLY 51 6(2 SCATTERERS 
i /FORMAT I 
8) 
9] 2 SCATTERERS 

lol FORMAT I 

i Ml 2 SCATTERERS 
15f FORMAT II 
16j 
17   FChMAT I 
16   FORMAT R 

TYPE OF FRAME 

10 line pr  iiiin 
12 line pr/mm 
M line pr/mm 
16 line pr/mm 
CASE A FIGURE 17 
CASE B FIGURE 17 
CASE C FIGURE 17 
CASE D FIGURE 17 
CASE A FIGURE 17 
CASE B FIGURE 17 
CASE C FIGURE 17 
CASE D FIGURE 17 
CASE A FIGURE 17 
CASE B FIGURE 17 
CASE C FIGURE 17 
CASE D FIGURE 17 
11-ELEMENT 1ST TARGET 
Il-ELEMENT 1ST TARGET 

DATA TAPE REQUIRED 

Chi" Record or sweep 
One Record or sweep 
One Record or sweep 
One Record or sweep 
One frame 511 pulses 5. 11° rotation 
One frame 511 pulses 5. 11B rotation 
One frame 511 pulses 5. 11* rotation 
One frame 511 pulses 5.11" rotation 
One frame 511 pulses 5. 11° rotation 
One frame 511 pulses 5. 11° rotation 
One frame 511 pulses 5. 11° rotation 
One frame 511 pulses 5. 11' rotation 
One frame 511 pulses 5. 11° rotation 
One frame 511 pulses 5. ll* rotation 
One frame 511 pulses 5. 11° rotation 
One frame 511 pulses 5. 11° rotation 
6 frames continuous 5/500 pulses 
6 frames continuous 5/500 pulses 

Frame* 1 through 4 were recordings of the spatial carrier only with the carrier being Intro- 
duced in the »weep direction.   A frame of about 50 mm length was recorded by reproducing this 
trace repetitively.   For these frames several values of spatial frequency were used as Indicated 
In the table. 

Frames 5 through 16 were recorded  using a target having two point scatterers separated 
by 20 feet.   The orientation of this target was virled as shown In Figure 17 In order to ret 
several types of recordings. 

Four target orientations are shown In this figure and labeled Cases A, B, C and D.   In all 
these, data was simulated as the target routed through 5. 11' (or approximately 0. 1 radlar). 
The orlenUtlons shown In the figure are for the center of the recording Interval. 
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Figure 17.   Target Orientation 

Frames 9 through 12 duplicated frames 5 through 8.   Processing of frames !> through 8 
revealed improper recording of data and the necessity fur further equipment adjustments. 
After adjustments were made to the equipment, frames 9 through 12 were recorded.   These 
frames had data recorded more densely than before, having a frame length of approximately 
20 mm rather than the original 50 mm with the same number of pulses being used. 

Frames 13 through 16 were also recoraet' using the simulated data for the target orient- 
ations shown in Figure 17 , except here Format IT is used.   In Format II the Fourier trans- 
form of the range response coefficients is taken prior to recording.   Processing of these 
frames revealed that there are excessive range sidelobes appearing In the correlator output, 
which preclude best processing in Format n.   The source of the range sldelobes has been 
traced to a variation in the spatial frequency with distance along the trace (across the film). 
The cause of this problem has not been firmly established at the writing of this report.   How- 
ever, as may be seen In the processed output included later in this section, there Is recog^i*- 
able Information In the output for the simple target configuration, although serious degradation 
in sidelobes is most evident. 

Frames 17 and 18 were recorded using an approximate model of the Michigan 11-elemet 
target.    The target model used is shown in Figure 18, In which the position of eleven corner 
reflectors from the center of rotation of the target Is given by distance (in feet) and angle (in 
degrees).    The simulation was performed assuming a rotational rate of 1. 22 degrees secend. 
For the simulation, the target was rotated through SO0 aspect change.    Frame 17 was record- 
ed using Format 1;   frame 18 was recorded using Format n. 

Processing of frame 17 yielded no output.   However, the cause of this Is In the normaliz- 
ation procedure used.    When this target Is at the aspect shown (with one cross ar:n normal to 
the llne-of-slght), seven of the corner reflectors are at the same range and a large return Is 
observed at the radar.   As the target moves, there Is constructive and destructive Interference 
and the amplitude of the return Is much lower than for the above aspect.    The ratio of the 
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Figure 18. Michigan 11 - Element Target 

maximum return to the peak return at other aspects is (Juife large.   Since the d. c. bias is 
chosen according to the maximum return and the fluctuation about this value corresponds to 
the returns at other aspects, there is in this frame insufficient contrast in the recorded in- 
formation to yield an output.   A simple expedient to avoid this problem is to normalize the 
returns only over an interval of time corresponding to the integration Interval.   Then only 
those inteivals containing lar^e returns are examined with their corresponding high bias. 
Adjacent intervals contaliinp lower return amplitudes are then processed with a different 
bias and outputs will result. 

Frame 18, recorded in Format n, could be processed to yield a recognizable output 
Although the high range sldelobes are apparent in this figure also, the target Is clearly iden- 
tifiable. 

3. PROCESSED OUTPUTS 

Tnree processed output* arc shown in this section, two for dumbbell cor.figui atlon and 
one for the Michigan li-element nrget.    These are given In Figures 19, li>   ?nd  21      In 
each of these figures, a sample of the recorded film is shown and an enlargement of the pro- 
cessed output is shown.    The output fürns were all made by the University of Michigan     The 
high range sldelobes due to recording In Format n are observed in the processed outout of 
Figures 20  and 21   . K 

4. CONCLUSIONS 

The results obtained with the simulated targets demonstrate conclusively the feasibility 
of optically processing synthetic spectrum data.   Although adjustments need to be made to 
the present film recorder to optimize the recording of Format II data, the equipment can now 
be used to process data In both Formats I and 11. 
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(a)  Sample of Recorded Film Frame 

(D)   Processed Output (ISI) 

Figure 19 .    Frame 9,   Format I 
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(a)   Sample of Recorded Film Frame 

(b)   Processed Output (ISI) 

Fi^rure20.    Frame 14,   Format IT 
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(a)   Sample of Recorded Film Frame 

U.)   Processed Output (ISI) 

Figure21.    Frame 18,  Format IT. 

4f. 



SECTION VI 

CONCLUSIONS AND RECOMMENDATIONS 

1.   EQUIPMENT CAPABILITIES 

The Ulm recorder equipment built on this con-act has met all design goals set forth at 
the beginning of the program and. in addition, it has been operated satisfactorily beyond 
the design specifications In order to improve the quality of the processed data.   The equip- 
ment can write from 1024 to 2048 spots per line.   These are recorded on a 50 mm width of 
film.   It has been used to write up to approximately 25 line pair per millimeter along the 
lengih of the film.   The film drive control frequency can be as low as 600 Hz (714 Hz was 
design goal) and still achieve reliable operation.   The stability of the trace is regulated so 
that reliable recording of the daU can be achieved.   The equipment can be operated to record 
approximately 3550 pulses in a continuous strip (which, at a line writing density of 25 lines/ 
mm, is a length of about 5 1/2 im hes). 

2.     LIMITING FACTORS 

The SDS-910 computer unit osed with the film recorder has only one magnetic tape unit, 
which limits the number of pulses which can be recorded continuously on film.   However, 
the fihn recorder has no other limitation in recording a continuous record up to the length 
of film on a spool, which is 60 feet.    By use of more than one input tape unit these would be no 
difficulty In recording radar data even If the number of pulses on a run exceeded 3550. 

At present, the quality of the recording In Format H Is not sufficiently good to give 
adequate dynamic range for processing returns from complex target».   Similarly, a minor 
modlllcatlon needs to be made to the software for Format I such that the maximum return 
amplitude Is obtained for data blacks corresponding to the Integration Interval, rather than 
for a complete run.    This can be easily accomplished.    For processing of radar data, both 
of these limitations will have to be corrected to achieve best results In the two formats. 

To write data more compactly than was originally the design goal, the speed of the film 
drive unit was decreased.    This required that the control frequency to the film drive unit be 
lower than 714 Hz.    In order to obtain a frequency lower than this, an external source was 
used.    To continue recording at the lower speed the external source will be required.    Mod- 
ification could be made to the timing circuitry to obtain the lower control   frequency If con- 
tinued operation is desired here.   Present and planned usage of the film recorder using the 
external source will not hinder recording and processing of radar data. 

3.    FOLLOW-ON USE OF EQUIPMENT 

Whereas the basic feasibility of optically processing synthetic spectrum data has been 
demonstrated on this contract using simulated data, there are several uses of the equipment 
which have not been attempted as yet.    Foremost, of course, Is the processing of data re- 
corded by the radar, which was not available during the period of this contract.   Also a 
number of simple geometric  shapes could be used In a simulation program to demonstrate 
not only the capabilities of the optical processing but also the capabilities of having a time 
history of the output from which the target configuration may be deduced. 

It is recommenued that additional experimentation be continued to study the two-dim- 
ensional Imaging of geometric configurations of interpst, especially with regard to the time 
history of the correlator output.   In addlllon, the film recorder and optical correlator should 
be used to process radar data.    Utilization of the equipment in this manner will provide Im- 
portant Information on the quality of processed data available and how it may be used most 
efficiently.    In addition, some systematic procedures for Information sorting and Interpreta- 
tion should be gained by this approach. 
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APPENDIX I 

EQUIPMENT OPERATION PROCEDURES 

IA     SDS-910  OPERATIONAL PROCEDURE 

IB   FILM RECORDER OPERATIONAL PROCEDURE 



APPENDIX IA 

SDS-910   OPERATIONAL PROCEDURE 

A:    Action C:  Comment 

A i. Turn computer power on and connect cables (See Al. 1 lor details). 

Cl. Clock pulses (or camera drive will be present anytime the computer power is on. 

A2. With Magnetic Tape Transport off, mount reel of magnetic tape and thread tape. 
Turn transport power on and position tape at load point.   (See A2.1 for details). 

A3. Set transport switches to 
Unit Number - 3 
Density - 556 

and set AUTO   mode. 

A4. On compu'.er,  reset all breakpoint switches. 

A5. Load Optical Processor Program into computer from paper (ape using "Standard 
Fill Pvocedure".   (See A5. 1 for details) 

C5. Program is now in the idling mode and ready for operation.   The mode of operation 
is determined by the breakpoint settings as described in next paragraph. 

A6. 0       Breakpoint Operation (See Table 3.) 

With all breakpoints in the reset position, the program is in (he idling mode. 

A6. 1       If the operator wants to change the timing between the Line Start pulses, he should - - 

A6. 1. 1   Set and then reset breakpoint 1.  - - - 
The light on the typewriter will come on. 

A6. 1. 2   Type a four digit number equal to the desired number of milliseconds.  - - 
The program will now automatically return to the idling mode. 

C6.1.2   The number of milliseconds is initially set to 200 ms.   The new number must be 
equal to or greater than this number. 

A6. 2       With Breakpoint 2 Set, the operation Is the same as In the normal operating mode 
except that the magnetic tape is not read. Line Start and Line Stop pulses are genera- 
ted as In the normal mode.   Whatever data Is in the record storage area (e. g. the 
last record read from magnetic tape) will be output respectively, 

A6. 3       Set breakpoint 3 when normal operation Is desired. Normal operation will continue 
as long as breakpoint 3 Is set or until the end of file mark on the magnetic tape is 
reached. When the end of file mark Is reached, all outputs will cease until break- 
point 3 Is reset and set again. 
When the end of the reel of magnetic tape Is reached the typewriter will type a mes- 
sage Indicating same and the program will halt. 
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Set 
Breakpoint 

No.» 

(Normal) 

TABLE 3. BREAKPOINT OPERATION 

Operation 

2 
(Test) 

1 
(Set and Reset 
liii-nediately) 

(Change Timing) 

Program alternately reads a block off of mag- 
netic tape and then outputs it at a fixed rate to 
the CRT. Line start and line stop pulses are 
output at a preset rate. 

All outputs (except camera clock frequency) are 
inhibited at the end of a frame until Breakpoint 
3 is reset and set again. 

An end of magnetic tape reel signal will <nhibit 
all further operation. 

The magnetic tape is not read.   The program 
repeatedly outputs the last block that was  read 
from magnetic tape.   All timing is exactly the 
sair.e as when breakpoint 3 is set. 

A new number to preset the number of milli- 
seconds between line start pulses is accepted 
al this time. 

Breakpoint 3 inhibits 2 and 1.    Breakpoint 2 mhibits I. 

50 



A2.  1 MAGNETIC TAPE 

OPERATING INSTRUCTIONS 

A2.1. I  GENERAL. 

Thüi section contain» operating iiwlructlon. Inr the Tape Transport and describes the 

^XTrotrr' ^^ ^ '""*** ^ ^ ^-^-trofs^^" 
A2. 1. 2 OPERATING CONTROLS. INDICATORS. AND MECHANISMS. 

Sv.^m ^liC.0n,r.0l,f' tndica!°r8 and «"«chanlsms required for operation of (he Tape Transport 
hy

s Id ü,Tai^u 3ed o,;nr *di*cT * "rfront pane, of ,he ** ****** TI^O-SK« listed In Table 3.       Interface signals for remote operation are shown in Table 4 

Note 

When changing speed or direction manually, it Is required that th* 
STOP pushbutton be depressed before making a new selection. 

TABLE 4. FRONT PANEL CONTROLS 

Control Pushbutton 

OFF 
(TRANSPORT OFF) 

STOP 

FAST FORWARD 

FORWARD 

REVERSE 

Description 

Momentary contact pushbutton 
switch with integral lamp 

Momentary contact pushbutton 
switch with integral lamp 

Locking pushbutton switch 
with integral lamp 

Locking pushbutton switch 
with Integral lamp 

Locking pushbutton switch 
with integral lamp 

Function 

When the switch is operated and 
pushbutton is lit. tape transport 
operation is inhibited except for 
the tension arm refraction motor. 
OFF button may be operated only 
if machine is first placed in 
STANDBY condition. 

When switch is operated and push- 
button is lit. tape transport is en- 
ables and arm retraction motor 
is inhibited. Any previously opera- 
ted locking pushbutton switches 
are released. 

Provides manual selection of tape 
motion In the forward direction at 
high speed. 

Provides manual selection of tape 
motion In the forward direction at 
normal speed. 

Provides manual selection of tape 
motion in the reverse direction at 
normal speed. 
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TABLE 4. FRONT PANEL CONTROLS (Cont) 

Control Pushbutton 

FAST REVERSE 

AUTO 

Description 

Locking pushbutton switch 
with integral lamp 

Locking pushbutton switch 
with integral lamp 

Function 

Provides manual selection o( -ape 
motion in the reverse direction at 
high speed. 

Transfer all control and indicator 
functions to remote locations. 

A2.1. 3  TURNING POWER ON. 

Before tape threading can take place, the circuits associated with automatic tension 
arm retraction must be energUed. 

Power Is remotely controlled by computer power switch, 

a.   Threading Tape 

When threading tape, It is recommended that only the end of the tape Is handled. Avoid 
touching the tape if any other point. 

The steps In paragraph 3-3 must be satisfied first before proceeding to load tape. 

CAUTION 

To prevent tape break at end of run, do NOT slip free end of tape 
Into slot In take-up reel core or in any way fasten the free end to 
the take-up reel. 

b. Load Point Marker.      It is desired to begin operating at the marker, press the 
FORWARD pushbutton on control unit until marker reaches ihe take-up reel.    Press STOP 
and then REVERSE pushbutton.   Tape will reverse direction and stop on the LOAD POINT 
marker. 

c. Tape Removal.   When reflective markers are used, the tape will stop on these 
markers when they reach the sensor and the driving pinch roller will be released.   The trans 
port will be Inhibited from driving tape passed the marker once it has been stopped by this 
marker. 

CAUTION 

When the tape has been stopped from a fast mode of operation. 
It Is necessary to wait for two to five seconds before selecting 
another mode.   This will allow lime for the capstans to slow 
down to normal speed. 
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To remove tape, select a fast reverse or reverse mode until tape reaches LOAD POINT 
marker.   If nc marker is used, stop the transport when approximately ten feet of tape re- 
mains on the pay-out reel. 

• Press OFF pushbutton on control unit 

• Rotate reels by hand until tension arm rollers just pass the stationary rollers 

• Open read/write head cover, vacuum buffer cover and press arm retraction button 

• When tension arms stop, wind the remaining tape onto the take-up reel while 
turning the pay-out reel to avoid stretching the tape. 

• Close read-write head cover, vacuum buffer cover and remove tape reel. 

A5. 1   LOADING OPTICAL PROCESSOR PROGRAM 

A5.1. 1  Standard Fill Procedure 

a) Set Operating Switch to IDLE. 
b) Press Start Button 
c) Mount paper tape in photo-reader. * 
d) Place Operating Switch In RUN position 
ei Raise and release Fill Switch. 

A5.1. 2 Standard Restart Procedure 

a) Set Operating Switch to IDLE. 
b) Press Start Button 
c) Move the Operating Switch to the STEP position and then to the RUN position. 

AS. 1. 3  Standard Turn-Off Procedure 

a)  Set Operating Switch to IDLE 
in   Press Start Button 
c)   Press POWER Button. 

* Tape feeds from left to right, in the direction of the arrow on the tape. The "TOP' side 
of the tape should be up. The tape should He flat In the reader under all guide posts. Knob 
on pholoreader should be turned from LOAD to RUN after mounting tape. 
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APPENDIX   IB 

FILM RECORDER OPERATIONAL PROCEDURE 

Al. Turn power on SDS-910 computer 

Cl. See operational procedure for computer 

Cl. 1 Obtain start-.^top pulses from computer (set Break Point 2). 

A2. Turn power on for cathode ray tube assembly and film drive power supplies. 

C2. Allow a minimum of 5 minutes to obtain thermal stability in equipment. 

A3. Turn on power for film drive frequency reference. 

C3. This signal was previously supplied by SDS-910.    However to obtain greater density 
in line spacing this modification was incorporated in the operating procedure. 

A4. Set videa gain, calibrate reference and brightness controls to desired values. 

C4. Desired values are obtained from figures 15 and 16. 

A5. Set film drive range, push film drive motor control and synchronize film drive to 
desired film speed. 

C4. Film drive speed now controlled by film drive frequency reference. 

A6. Remove start-stop pulses from computer after examination of video signal. 

A7. Set breakpoint 3 on computer. 

C7. 1 This will start recording of data on film. 

C7. 2 Should a missing line stop pulse occur, reset computer as quickly as possible. 

A8. When frame has been computed, push fast film advance. 

C8. Allow to run for 5-10 seconds to give a trailing leader on the film. 

A9. Push film drive motor control. 

C9. This will stop film. 

A10. Remove camera assembly and develop film. 
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ERROR ANALYSE FOR THE OPTICAL RECORDING AND 
PROCESSING OF SYNTHETIC SPECTRUM DATA 

L   INTRODUCnON 

The purpose of this report is to determine the errors associated with the optical recording 
and processing of synthetic spectrum data.   The sidelube degr  dation due to the inaccuracies 
of the system are calculated for two data formats.   The format that yields the best system 
performance based on its inherent sidelobe degradation Is determined from this analysis. 
A brief mathematical sketch of the system is performed to describe the system.   The nota- 
tion of P. M. Woodward will be used throughout this analysis.'   This notation is given in 
Table L 

H.    FORMAT DESCRIPTION 

1.       GENERAL 

A brief introduction to the general format of the recorded information will be helpful in 
understanding the developments which follow.   Information obtained on one radar transmitted 
pulse is recorded on one line across the film.   The number of data points per pulse and the 
number of 'spots' per line is selectable and is denoted by N.   Information from two succes- 
sive pulses is recorded on successive lines adjacent to one another along the length of the 
film.   Variation of the line density is possible in the equipment. 

Each line recorded on film is positioned to be perpendicular to the edge of the film by 
adjusting the yoke of the CRT.   Information  from each pulse is Intensity-modulated onto the 
CRT phosp^jur on a line which is regulated quite precisely.   Every pulse Is written onto the 
same II ie ua the CRT phosphor.   Separation of adjacent lines on the film Is controlled by 
having a uniform film drive speed and delaying the start of writing each line of Information. 

Information can be recorded on film using two formats.   In Format I. the amplitude 
information from a pulse is uiod to intensity-modulate the CRT and expose the film.   In 
Format 11   the Fourier transform of the amplitude Information from a pulse is used to inten- 
sity-modulate the CRT and expose the film.   This memorandum considers the errors for 
these two formats: 

2.       FORMAT I 

In Format I   the amplitude of a blocx of nufar pulses on the negative transparency can 
be represented by: 

(I) T(x.y) = rect(f -  j)   rect  ^ - J)     A-A,    £      F     [ P<x)' 

I(x-^.y).rect     ^    •< [AO 

♦A(y)cos    r2tfy0(y)l \   6(y-!^)>] 



TABLE 5.  WOODWARDS HOT/ TION1 
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when. 

r (xv) is the ratio ct the light amplitude after being modulated by the film to the 
light amplitude before being mo&ilated by the film 

x is distance measured a long the film 

y is distance measured acr JM the fUm (and in proportional to range) 

Y is the width of the film frame being used in both the x and y directions 
A is determined by the exposure at the background on the film 

Aj is determined by the exposure associated with the informatk» on the fUm 

11 - mnime at pulser per film frame 

N ■ number of data points per pulse 

P(x) ■ p» r- ju>nce of the CRT phosphor 

I(x. y> =■ ampliti'de distribution of a dot on the film due to a dot on the CRT 
Ao ^   lAW  raM  =   »««imum pulse amplitude 

A(y) ■ amplitude information obtained from a pulse 

B(y)    phase shift between pulses due to doppler 
f = carrier frequency. 

The function.   [ net (| < |) rtct (| • |) ] , y unity within thr dita frame and zero out- 
nV 

side it.   The delta function,    8 (y -  ^ ). represents sampling of the (fata, A   « A(y) cos 

[2»fy ♦ 01.') ], at points separated by Y/N.   The function, rect (^) indicates U«t these 

sampled values exist on the film for a distance Y N.   The characteristics of the CRT are 
taken into account by convolving the persistence of the phosphor P(x) and the distribution of 
the intensity of a dot I(x, y) with this dati. 

A possible configuration of the (simplified) optical processor is shown in Figure 22 
The Fourier transform of the amplitude information is performed in both the x and y direc- 
tions.   A one-dlmersional transformation Is then taken on one of the sidebands of the infor- 
mation.   A sideband is used here to allow recovery of both amplitude and phase information 
and to eliminate some of the noise from the system. 

The two dlmensiuiial Fourier »ransfcrm of the data can be represented by 

(2) 

where: 

E(v,u)    Kj   J       T(x.y)exp [-J2i(uy - vx)]     dx dy 
-CD ' 

v »Xj/xr 

u = yj/XF 

X = wavelength of the coherent light used In the processor 
F ■ focal length of the transforming lens 

x^yj = new dimensions In the transform plane. 
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Figure 22.   Simplified Processor Diagram 

To illustrate the operation of the optical processor let us assume that there are two 
point targets, separated a distance T. being detected by the radar and that one is rotating 
about the other. 

The amplitude transmissivity of the film for this particular case will be given by: 

M        N 

(3) T(x.y) = rect(* - J) rect(* - J) A-A,     I        I      fpW 
1   m=l     n=l     k 

I(x - 5^. y) • rect (*f) ^(A, ♦ «^c [^ (y- ^-T)] 

cos (2»fy ♦ m0) ♦ sine r | (y-^H cos (2ify))     8(y.^)>) 

This assumes that the amplitude Information is of the form sine (-^-) and a range cell Is Z 
units long on the film.   The general appearance of this Information on the film Is Illustrated 
by Figure 23. 

(4) 

Carrying out the operation Indicated by Equation (1) we have: 

E(v.u)      slncYvexp(-)iYv)     •     sine Yu exp(-Jf Yu)     '   {A   - * 

M        N   < mY. 

']•[' 
-Aj     Z        1   I P,(v) IjCv.u) exp(-j:tv ^f) sine (su>\fA

08 W » M 
m=l     n=l  > V 

rect (^,) exp [-Js(Yu • 2T u)1 • I j   8 (u-f) expO ni0) 

♦ J  8(u*f) exp<-J m») J ♦ rect (^) exp (-j^Yu) • 

[ J  8 (u*f) ♦ J   8 (u-f)] |   • exp(-j2fu ^) > M 
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• 

Performing the summation we have. 

(5) E(T, u) = KJ [ sine Y» exp(-jtYv) ] •  [ sine Yu exp (.J»Yu)] 

I^A 8 (u) 8 (») - A, fp^v) ^(».u) sine (^f)<j Ao 8(u)   8 W 

^-   exp ^-j(M*I)i^vJ  ♦ rect(^)e«p r-jf(Y»JT)ul sin(yYv) 

8ln(a 

(1 8inMi(i -^T) r -       v      T 
* j  8(«-f) ,1       Y

M      exp    J(M.l) .(*       * v) 
«in t (JJ - p v) L *»     M     j 

. «in Mr (|- ♦! ») r ] 

*rect(^)expH.Yu)?i2l^   exp  ^1) , £ v 1 
«ln(ij») L H     J 

• [J 8(«-0^ 8(uJ j   • •*iiYu}   exp[,.(N.l)^ul >31 

Y 
The term sln^Yu) 8ln(»^u) causes the «pect«m to be repeated in the u direction at 

InteRer multiples of N/Y.   This is Illustrated in Figure 23. where the DC term and the other 
information on th^ film appear as bright spots.   A« aperture can be placed about the lines at 
V..L0r H lB thl8 u,U8tr»tion " »» Placed at u « -f.   A cylindrical lens is now placed 
at the other side cf this aperture and a one dimensional Fourier transform is taken in the u 
direction.   The amplitude information on the other side of the aperture can be approximated 

(6) E^.'u) ^ Kj  rect (^)   [sine Yv expH^Yv) J   • f.lnc Yu exp{-jfYu)l 

•[?,(») I,(v.u) sine(Ju)( |net [^z] exp [-J»(Y+2T)(u.f)] 

•in 

sin i Yv 

Sin 7 n V 
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Figure 23.   Optical Processing Using the Amplitude Information for Each Pulse 

Now taking the one dimensional transformation In the u direction, we have: 

ECv.y') - K3 |slnc(Xy*)exp(-2ffJy'f)l* FslncCYv) exp(-JiYv) 1 • rect (^ - j) 

P^v) IjCvUCy )  •  rect(^-)»^|slnc    Icy'-^-T)   exp(*J2Jy,f) 

0       Y 

[-J(M.l).lv]    ^(y*   ^))j 

[o 
"i—v exP 

slnM^^v) 

expej2Jry,f) ÜB-L{!     ex 
sin ' m v 

This Is displayed on the film shown In Figure 23.      It Is seen that the two targets are 
no*/ separated li. range and doppler. 
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C.       FORMAT D 

The processing of the data using Format 0 is different from that using Format I in that 
the Fourier transform of the amplitude information is initially written on the film. The am- 
plitude information on the film for a block of data can be represented by: 

(8) 

[M        N       . 
A - Aj     E      E        POO 

m=l     n=l    S» 

Kx-^. y)*rect(Jf) 

cos 

ap(y) 

Where a (y) is the Fourier transform of the amplitude information from the pth target, 
Tp representsp the delay information from the pth target, and the other parameters are as 
defined in Equation (1). 

The optical processor in this case is shown in Figure 24. Just one two-dimensional 
transformation is taken in this case. 

Let us examine the example illustrated in the analysis of Format L Assume that there 
are two point targets spaced a distance proportional to T and that one is moving with respect 
to the other such that there is a dopplrr shift of 0 radians between each pulse. The informa- 
tion on the film can now be represented by: 

(9) 
[M N . 

A - A,     L E |l 
m=l n=l *•» 

rect(Y?),(lAo>rect(Y'i) 

x)M(x-5£,y)« 

♦ cos 2-fv 

cos 2jr(f*T)yn0 

SPECTRAL 
F«€0. 

OOPPLER 

Figure 24.   Simplified Processor Diagrams 
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This information is illustrated by Figure 25.   Now taking the two dimensional Fourier 
transform indicated by Equation (2) we have: 

(10) 

If      N 

E(v.u) • Kj |sinc(Yv) exp(-jiYvr]  * fsinc (Yu) ejcp(-i»Yu)1   • 

M      N 

ASWJW-Aj    £   E  fpi(v)l1(v.u)ejcp(-j2t^v)8inc(^) 
m=l  n-1  «^ 

/|AO 8(U)  8(V)*   TsincOru) exp(-jiYu)"| »Tj 8 (u-f-T) expün«) 

\  8 (u*f*T) exp(-jn0) * ±   8 (u*f) ♦ | 6 (u4)l   [ • *2 

exp ( 

Carrying out the summation, we have 

(11) E(v,u) = Kj   rslnc(Yv) exp(-jJYv)l  • FsincOru) exp(-jtYu) 1 • 

lA 8(u) 8(v) - Aj [Vlv) I^v.u) sinc(^)   ( Ao   8 (u) 

8in ^yv^      exp  [^»(M^D^v 1 - sine Y(u-f-T) exp   f-jirYOi-f-T) | 

sin^ (^v-0) M+1 

—r—r    exP l-iPr) ff»TQV-l) 1 * sine Y(u>f>T) 
8inJ(ffIv-0) L       Z M J 

r -| sin ^(ZJij-r vH») T     M + I        v       "I 
exp    -)iiY(n+f*T)      f ^    exp   \-H!^1)(2^v*»)\ 

*- J sin 2 (Z'jjfV+d) '- J 

tnc Y(u-f) Sln " S     exp   [^»(M*!)^ v 1   ♦8lncY(u+f) 
slnnAv L M    J 

• 8 
oin  IT 

M 

sin (ffYv)    .„,  S-Y-L    exp 
sin (»jjjv) [■'"-'ä']»]-{^-'K"»T-lj 

This information now appears as bright spots separated in range and doppler.   This is 
Hlustraled In Figure 25.   To remove the ambiguities, this information is now passed through 
an aperture located in the region of u    f to u    f • T and is imaged onto the film.   The out- 
put film is .shown in Figure 25. 
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Figure 25.   Optical Processing Using the Fourier Transform of the Amplitude 
Information for Each Pulse 

BL    ERROR ANALYSIS 

1.       FORMAT II 

The system Inaccuracies that will degrade the processed! data «111 be mainly associated 
iiunllnoarllles of the film drive and CRT.   Using equation (9) it Is possible to Introduce errors 
In the positioning of the data points.   The data on the film with errors can be represented by: 

(12) r(x,y) -   rect (^ - j) w» 

r        M    N 
£ - f) 1 A - A.     I        I        P(x) • 

'<*-¥ ^''),"c,hrV'({1'rec,(H) 
N 4     n       V L 

fcos j 2«(f*'n^ * m0 j ♦ cog 2if^J | (Am «A        A      ) 
n m.n     m.n 



where: 

8       represent« Ihe error In positioning the mth puls« In the i dire   'r* acroM 
n\   ^~ 

the (Urn 

8 represents the error In positioning the nth data point at the mth pulse In the 
'"•n    y direction along the lUin 

A represents the fractional variation 1.. the amplitude Informatlo.) on the film 
m, n 

Tskii« the two-dimensional Fourier transform of this film we have: 

(IS) E(v,u)-    fatoc Yu exp(-)«Yv)"] • [sine Yu exp(-Jivu)l   •  I A»  (u) 8 (v) 

-A    TP (v) I (u.v)    J       I   «inc(J*8n)u   < 8 (u) 8 (v) 
k ro-l    n«l I 

• cos [2i(NT)^ ♦ m0 ] ♦ cos ffif^)  Uxp [-J2»v(2l ♦ 8^] 

• (A        »A       A       ) exp f-Jliu (-^ ♦ Sm   H m,n       m,n    m.n      rL N        m.nJ^J 

The functions slnc(Yv) exp(-)iYv) snd slncCYu) exp(-)tYu) act like Impulses being convolved 
with the remainder of the information.   Hence a good approximation to this expression is: 

M      N 

(14) E(v,u)-   A8(u)8(v)-A1   IPJvJUv.u)   I     Z     alnc (J ♦   8 )u 
1   k *       * m-1  n-l 

8(u) 8(v) ♦ cos ^(NT)^* m0   j ♦ ros (Itf^) 

«P[-^^*   8m)V]      Vn^m.nVn» 

We are not concerned with the Information at u > 0 and v > 0 (on the optic axis).   Also, 

the functions P (v), IJv.u) and »lnc(^ • 8n)u act like wldetwind filters passing all the in- 

formation (A Interest.   Hence, these term« may be neglected such that we have: 

M      N . 

(15) E(«,u).   K     I       Z   |cos [2»(f*T)^* m0]   ♦ cos (2«l^) 
m-l  n«!   I J 

• «P [-Jto(|F* ».^]      ^.n^m.nVn» 

I 
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Since the process cf taking the two-dimensional trantformaUon 1« a linear process we need 
only consider one ol the target* here, keeping in mind that another target can be added at any 
time using the principle at superpoaltion.   Using the target that 1* delayed in rar^e by T, 
we have: 

M      N 

(•6) *,,* .   K ^  ^   ^ „ .A^.A^,) CO. [l.<!.T,Sjr. n*] 

«p [-1.. |f! . »J, ]   «,[-,..(=?. «„,„)-] 

All the Information concerning thla target is located at u > v (f.TK   It la only necesaary 
to consider one oi these sidebands in order to determine the aldelobe degradation aasocUted 
with the »y.lem inaccuracies.   Using thla, Equation (16) may be rewritten aa: 

M      N 

(17) E(v,u)-    K     I      I   (AMn»A       A       )exp f J2f  r^T-u)^ 
m-1  n-l      m'n       m'a   m'n [        L N 

(■J7 - 0) m -    8   v -   8 ■ mm .-"Jl 
We will be mainly concerned with the envelope of this function in khe sidelobe region. 

Since It Is practical to measure the sidelobes with respect to the peak at the main lobe, thla 
function will be normalized with respect to Its magnitude at u - f*T and v - -tfM.   We can 
approximate this by: Y 

(18) 

M 

I 
m»l 

N 
r    (A        4 A        A       ) exp 
L        ni,n        m,n    m,n      H 

n-l 
M      N 

I      I 

{"•["•^■'^■•""•v->».„"]) 

ID, n m«l   n  1 ' 

It is assumed that the probability distribution of the random errors A       ,   8    and 
m, n      m 

6m,nC*n ^ ^P"8*"««1 by P<^m|n). p<8in). and P( 8m J each having a mean ol zero. 
This means that the film drive has a velocity that varies about the desired operating velocity 
In a random manner, the CRT has an Intensity variation that varies about the desired Inten- 
sity in a random manner, and the errors in the sweep on the CRT are mainly due to the 
sweep drive and not the triggers that start the sweep, thereby causing a random error in the 
dlsplacenent ol the data points about their desired positions.   Hence, the probability ol a 
particular value of A       .   8      and   8        Is given by: in,n      m, m,n     " ' 

(,9) P(Am,n'   8m,   *m.J'***,*>***> **mtJ 

The standard deviation <rE of the envelope   | E |   can b« represented by: 

t 

(20) «rE
2  .      |E|2  .       , 
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where: 

(21) 

(21) 

H '  «   ///   I EI 2 P(A     ) P( 8   ) P( 8      ) d A       d 8     d 8m „ •   » '♦•    '    ' fln.n m m.n        tn,n       m       m.n 

I«F - /// lEl p<Am J p<aJ w8m J dA
m „d 8m 

d 8m B *••   '   • m,n m m,n       in,n      m       m,n 

In order to calculate the above expreaalon It la necessary to examine the Intenatty of the tn- 
(ormatlon conUtned in equation (18).   This la given by: 

(23) 

M      N 
y    y   (A      ♦ A     A     ) 

m-1   n»l 
JA       R 

^       ^     Amn . ,       in, n 
^       ro-l   n«l 

M      N 
y      y   (A       ♦A       A      ) «•,    »»,      m, n       m m»!  n-1 '     

^JH co. [2. [(r.T-u^.^.Dm- 8mv.8m nu]j 

\ 

m—FT 
z    I   A 

m-l   n.l      m'n 

n    m n' f 1 

Expanding the coalne and sine in this expression we have: 

M      N 
y    y   (A      »A     A     ) 

«..1 nti    m»n     m'n   m'n 

(24) I E I 2 

\ 

M      N 

",    ■f.      m,n m-l  n-1 ' 

jcos 2s [(ffT-u^-^-ftml 

cos 

/ 

[-28<V* 8m.nu)]* •ln2i: [(f*T-u)¥-(^rH8ln[2!'(8-V*8'"."U)]} 

♦A       A      ) , 
m^i     m^    ro,n   f r nV   «v If       T 1 
N V* 2' ^T-«)n

¥
Y-(^mJco. [-2^8ro-8m^u)J 

~ m   n 

M      N 
I       Z  (A       »A       A      ) 

ro»i  n <      m,n     m,n    m,n 

"if 
Z 

m-l  n = I      m'n 

.cos 2, [(r,T-u)^-(^-0)m] .tn[-2^8mv*8mrn)]jj   ' 

It Is assumed that these errors are small and using a small angle approximation we 
have: 

(25) I E I 

\ 

M      N 

m = l  n=l       m'n 

I 



♦ 2i(8   »♦&      u)  sin 2i m        m, n 

M        N 

[***Sl***]]t 

n«l  n.l     In,n*   in'n    ,n'n 

"M N 
I      I    A 

m-l  n = l 

|.ta2.[tfvr-u)5jr-(^-0)a.] 

m.n 

h« ■2' < V «m,."' ~2' [<,-T-'Tr - <S-*"»] jJ 
Expanding this expression we have: 

1 (26) El2. liül  „^»VVnV^co.^f-T-u)*? 

T1, FlV») \m = l  n»l       ' y 

*2 [J,  £ ^m.n^m.nV^^C^^^TT-^S^"]} 

(M       N 
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Using equation (21) and carrying out the Indicated Integratlona keeping In mind that the random 
parameters have a zero mean, we have: 

(27) E 
|  I       I   Amfncosr2i(NT-u)|^.2i(]-f-«m'U 

I  m = l  n«I       ^ I 

",    \ *.,' V.'  «..'[»■«.T-.f-^S-«"] 
»■I  n=l L ■* m 

M 

m 

ftl      N 

i»l n=l '■ "* 

li  n^
Am^•tn[2,<ftT-U)n^•2,^V^^,] 

*  J,  lx *J *J  -1 [2-(^T-u)?LY-2.(S-0)m] 

'    I.    EA      ^.«(r.V^     l«l)«.,[l^T^.t.(^-i] 
m«l  n»l ' u 

[i i((*T-u)^-21(^-0)1^] 1 

♦     ) A      2 a      2   ^((r 
.       .    mji      roji m=l n-l       ^ ^ 

*JJ! 2 2.2.22 2 2.       2 
7      A A a 4» (a     v  • <r        u) cos *•.    *•.     m^i      m,n x   m ra,n     ' m»l  n-1        ^ ' 

where a ,  c        and a    represent the standard deviation ol the Inaccuracies In A . m,n      ro,n m m,n 
and 8    , respectively. 

Rearranging these terms we have: 

(28) I"     S   Am.n eo.^T^.l.^.jl1 

lm = l n^l        •• »- J 1 
I   I     I  Am,n) 
\m*\ n-1 / 

Al     I   Amn8lnr2»(f*T-u)^-2f(^-tf)rol 
lm = ln = l     m'n        L N M J 

TV.       2^2,      22 2 2,^!^,       2 2 
*    L      LA At  ( a    v * 9       u)»y      XA a 

ra = 1  nal    m^, v   m m^i     '     ^j    *,     m^.      m.n 

I 



♦    ITA      2 •      2  4f2(a   2v2»a      K2) 

Since these errors have a zero mean it is obvious thai the first two terms in the above ex- 
":—r2 pression can be approximated by IB|   .   It is assumed that the standard deviations are smsll 

and the term containing the multiples of the squares uf the standard deviations can be neglected. 
Doing this we have: 

**s 2 2212        2 22 
Zy   A (a »41   a    v   ♦ 4t  a        u ) *'       m.n       m,n m m,n 

/«nv l»|2      ■-■ m»l n=l (29) |E|    '-   |E|      ♦  |j—jj- 

(   ?.!,   Vn)2 x
 m-l n»l '    ' 

Now using equation (20) we have: 

M      N 

(30) 

where 

a 

2, 2.222.2,,      2 2, yyA (a ♦4t<rv#4to-      u) '■      L       m,n       m.n m m.n 
2      m>l  n-1 

(Jin1/«'«) x  m^l  n»l        '   ' 

Am n      '  rePre8ente U* uix''" used to reduce sidelobes 

a ■  standard deviations of the fractional variation of the 
amplitude Information 

<r ■ standard deviation of the displacement of the radar 
pulses in the direction of motion of the film 

0- - standard deviations of the data points across the width 
of the fUm 

xl 
v    ■ XT 

• -a 
X      wavelength of the coherent light used in the processor 

F  ■  focal length of the processor 

XJ.VJ   ■  new dimensions in the Image plane 

o standard deviation of the envelope 

2 
This equation is similar to that developed by Ruze   who showed that the variance of the 

envelope is related to the variance of the amplitude .".id phase errors for a phased array antenna. 

The statlRlical behavior of the sidelobes, due to amplitude and phase errors, for this 
normalized envelope of equation (18) is described by the modified Rayleigh distribution. 
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The probability density function of the modified Rayleigh distribution is given by: 

(31) p(r)dr=^.JV^4T^)Io(|^)dr 

where 

pir iclr     ■ probability that the sidelobes of the envelope lies r and r ♦ dr 

cry *  mean-square valu«- ot r 

I =  modified Dessel function of the first kind o 

Good values to use for v and u in equation (30) for o   are those where the peak of the infor- 

mation is contained.   This occurs at v = PL * u = f ♦ T, where 0 is the phase shift from pulse 

Y 
to pulse due to dopplcr, M is the distance between pulses on the film, f is the spatial carrier 

at which the information is written, and T is the range delay of the object   Combining all ol 
this information we have: 

M     N 
X A. m, n EE' 

Ml V    ""M'   V       ' [•„   .'' <'2 « ' T)2 .      2.»2,M2,21 / \     L m,n m,n        ^2       "m   J 

A more detailed explanation is required to define the standard deviation of the error 
g.   .   This error contains velocity errors due to the velocity inaccuracies of the film dr've 

and the CRT.   The yoke of the tube is set such that the lines on the film are at a right angle to 
the edge of the film.   The distance between the beginning and ending of the pulse along the 
direction of motion of the film is given by: 

(33) x = V " 2  V 8ln 9 

where 

v-  ■  velocity of film 

v    =  sweep velocity of the CRT 

0  ■  angle at which the line is skewed on the CRT 

The scan vrlocity of the CRT is divided by two since It undergoes a two to one reduction 
in size when it is imaged on the film.   In equation (33) the angle 0 is such that x    0 when 
there are no errors in the velocity controls of the film drive or the sweep drive of the CRT. 
The sweep velocity of the CRT will be much greaterthan the film drive velocity.   Hence, the 
function sin 0 can be approximated by: sin 0 - 2 vjv 
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where 

»j  »  mean velocity of the film 

?    =   mean scan rate of the CRT. 

ftibstituting this Into equation (33) we have: 

(34) ■(v.?) 
Therefore an error In vf of 8 vf and an error in vg ol 8 v   y irids a position error of 8 . which 
can be represented by: 

(35) 
8x (8vf - 8vs  £) 

If the time is set equal to the time between traces we have: 

(36) 

where 

x y  y^ 

8f « 8vft   = displacement inaccuracy of the film drive from pulse to pulse 

8y ' 8v8t  '  error ta ^ «(»»"bllity of the CRT from pulse to pulse 

jx   ■  error In spacing of the lines 

Calculating the variance of equation (36) we have: 

2 
2        2 v      * 9.   * a m f m "U) 

where 

om      sUndard deviation of the displacement between pulses on the film 

'm. n   '  8,an<tard deviation of the repeatibUity of the traces on the CRT 

orf   =  standard deviation of the positioning Inaccuracy of the film drive 

The angular accuracy of the film drive is usually given In angular measurements.   Using 
this fact and combining the above equation with our original expression for the variance of the 
iidelobes oi the envelope in equation (32) we have: 

(37) 

M     N 

m=l  n=l 
H    R 

m, n 

I   Z^    Z^    m.nj 
\m-l  n=l / 

2    02M2 

m,n y2 »-^Y2. R"<T '(Ö' ♦ 4t2 (f+T)2 Y2, 

^ 
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where 

Ain n       repwents the amplitude of the contribution from the m'th 
pulse of the processor and the n'th data point 

a = standard deviation of the normalized fractional amplitude on 
m'n       the film 

f - spatial frequency of the data in cycles per millimeter 

I ■ phase shift from pulse to pulse due to doppler measured in 
radians 

Y 
M distance between pulses on film in millimeters 

v^ =   mean velocity of the film drive 

vg =  mean scan rate for the CRT 

Y pulse length of the film, 50 millimeters 

aR ■  standard deviation on the repeatibility of the information 
from pulse to pulse on the film, (Y<r„ ■ a "       m, n 

R •  radius of the capstan in fhe camera 

a standard de iation of the positional error of the film drive. 
(R«rp - <Tf) 

The standard deviation of the repeatibility of the information from pulse to pulse <r   is 

dependent on the repeatibility of the CRT and the errors associated with the film slidir^ back 
and forth in the y-direction. 

In order to calculate the maximum standard deviation 9, of the sidelobes of the envelope 

it is necessary to use the worst possible parameters in the above equation.   Typical inaccuracies 
for this device are already known.   However, it is not known how these "typical"' inaccuracies 
are related to the standard deviation of the inaccuracy of the device.    For the purposes of 
this calculation it is assumed that the "typlcar inaccuracies are equal to the standard devia- 
tion of the Inaccuracies of the system.   This means that the inaccuracies are less than the 
"typical" inaccuracies for about 68. ST of the time. 

Typical inaccuracies of the system are: 

(a) repeatibility of the CRT of 1 part in 10. 000 

(b) instantaneous positional perturbation of the film drive is ±1 second of arc 
(c) Intensity deviation on the CRT is 5 percent 

(d) the film will shift by 1 part in 5 x 10   in the y-directlon per pulse. 

We can now specify some of the other parameters associated with equation (37): 

am n2 ^  005 m, n 

f > T    =  a maximum of 20 cycles per millimeter 

0 ■ • maximum of " radians 

Y =50 millimeters 
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<rR        -   10- 

VP 

-  a maximum of 1/2 Inch or 12.7 mm 

=»  4.85 x lO'6 radians 

Some additional explanation is required to specify the otter parameters in this equation. 
The average sweep velocity of the CRT is equal to  v       10C/32 N x 10*6 in millimeters per 

second.   This was obtained from the bet that 100 millimeters of the tube surface will be used, 
there will be N data points displayed, and it takes 32 microseconds to write each data point on 

the film.   The average film drive velocity is v. = 50/83 NM x 10' .   This was obtained as 

follows.   The pulses to be processed occupy 50 millimeters of film, it Uures 83 milliseconds 
from the start of one pulse to the start o* a second pulse at a thousand data points per pulse, 
and there are M pulses in the 50 rmlhn.otrrs of filrr.   This means Uat the ratio of V, to V 

0 193 * is   '„   , where M is the number of pulses along 50 millimeters of film. 

&ibfltltutlng these values into equation (37) we have: 

M     N 

E EA   2 
LJ i-t    m.n 

2     m*l n»l 
'E   / ^ N \~ 

\m-l n-1        / 

[(0.06) ♦ (1.5 x M2 x 10"11 ♦ 3.8« x 10"9) ♦ 0.395 ] 

Now we can investigate the factor involving amplitude information in the above equation. 
It is assumed that the amplitude information A        can be sepaiated into two independent 

functions a   dependent only on m and a   dependent only o-' n.   Hence A        = a   a , and the m n m, n       in  n 
above equation becomes: 

y 

E» 2 
N 

E-.2 

no*           * 2 . m«l n«l 
<38'              E     / M     v /M    v [o.445 ♦1.5xMaxl0"11] 

Now we can define the factorf   /, a   ) /M    j. a      •   Thi8 '^ctor is equivalent to 

m=l 
the gain of a,i antenna array normalized with respect to the gain of a uniformly illuminated 
array.   The optical processor will probably use an amplitude taper to maintain a low sidelobe 
level in the doppler dimension.   It has been shown by D.   Slepian^ that, to concentrate this 
energy into a region of the film such that the sidelobe energy Is minimized, it is necessary 
to produce an amplitude taper proportional to a prolate spheroidal wave function of zero 
order.   This same criteria was also used for a discrete 20 element array and it is felt by 
the author that the results are approximately these that were obtained by Slepian.   Using this 
work the variation of a with respect to sidelobe level is given by Figure 26.   Now, using this 
in the above equation and the fact that there will probably be no taper in the y-direction (other 
than that already included in the radar waveform) we have: 
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Figure 26. The Normalized Gain (Gain Of Array With Respect To A Uniform Array) 
Of An Optimum 20 Element Array Versus The Minimum Peak To Sidelobe Level 
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' 

11 _ 2    0.445      1.5 x 10 "xM 
"l   "flTHR *  «"H  

N will probably lake on the value of 2000.   Usir* this (act awi slmpllfyli« the above 
equation we have: 

_ 2    2.22 x 10'4      7.5xl0"l5xy 
'E   = "öTÖ *  *  

Since M will range between 500 and 1000 pulses, U la seen that 500 Is the worst case number 
to be used.   This yields: 

„2    0.444x 10'6 

Now It is poasible to calculate the degradation of the sidelobes using the Rayleigh dis- 
tribution that describes the behavior of the sidelobes, see equation (31). Using reference 5 
It was found that: 

^(Y-a) =2.75 

providing the sldelobe level of the envelope stays below r for 99.9T of the time us^ng a nominal 
sidelobe level of a.   Solving for the ratio of r/a iwlng the above two equations we hive: 

r 
a 

1.77 x 10' * 1 

Using this expression it is now possible to calculate the degradation of the sidelobe level for 
various nominal sidelobe levels. Figure 27displays this degradation as a function of nominal 
sidnlobe levels. 

10 20 50 40 SO 
NOMINAL SiOELOBC LCVEL IN OCCISCLS 

60 TO 

Figure 27. Sidelobes Will Be Below The Degraded Sidelobe Level for 99.9 : Of The Time 
For A System Designed To Yield A Given Nomiial Sidelobe Level 



2.       FORMAT I 

Making the same aMumpüooi lhat wer« made uaing format I, and introducli« the ap- 
propriate poeltiooal errors In equation (3) we have 

M     N 
rOc^.^-^re^-^JA-A,     I      I   *„ ♦ Am „A^ 

m-1  n»l 

(«« ■!ff'*"'l"*t,(rt;) 

j [Ao,,tael(T-f ■T,j •"■■'T •m,) 

.•lnc|-(^  -|-)coa 

wherr 

5     represents the error In positioning the m'th pulse In J» x-dtrecUnn on the 
m  (Urn 

Sni n represents the error in positioning the n'th data point of the m'th pulse« 
In the y-direction along the film 

Am _  represents the fractional variation of the ampUtude Information on the film m, n 

Taking the two dimensional Fourier transform of the film,  we have 

E(v.u) - Kj   [sine Yv exp (-JvYi) [ • | line Yu exp (-JfYu) 1 • 

[A8(v)8  W-A,    I      I(Am^mnA   /p^I^v.^expr^v^^l 
m-l  n-1 \ L J 

sine (J ♦ 8n n) u | Uo8 (u) 8 (v) ♦ sine g (^ - f - T) cos (2f f ^ ♦ m 0) 

2   Y     Y 
♦ sine f (jj " i^0« «..^^[».„^.».„„i]})] 

Ac this point it Is best to consider only one of these targets, keeping In mind that the other 
target may be added using thr principal of superposition.   The one sidelobe is now passed 
through another aperture loca^d at U - f.   The information at the eecond aperture can he 
represented by: 

E (v.u) = K rect £j~)    [sine Yv exp H»VvO • Pslnc Yu exp (-JtYuH • 
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M      N 

■"        m 10,0     0 
ml    n   1 

!?,(») I, (u.») .inc (| ♦ 8m „)« «v [-,2. . (2? • 8 J 

■toe | (^ - J - T) Mp (J2* ^ » mt) exp F-jaiM (^    »„ „)] | J 

ini-r transform In the u direction we have 

.y') - K[«toc xy* exp J2rfy,j •    Line Yv exp (-JWYT)]» 

t!    N       ^ y 

m=ih=l N 

Taking the Fourier transform in the u direction we have 

rect (' 

^N *   m. n '    *■ 

exp  .J2tv( 

The terms Kv'l. sine Yv and sine Xy' act like impulses which have no great effect on the 

system.   The functions,  PjCv), IjCv) and rect (^ - j) act like wideband fUters whlcJ. slightly 

attenuate the information.   Using these facts this equation can be simplified to: 
14    N 

E(v.y')-K    I    I  (A    >A       AJstacf (^-"J-T) m        m, n    m Z    N      2 
m=l n=I 

2.h*    8 
rect ^      «■■   1 r»-/ftlT . rn*    mYv       *     \1 

However, the functions Ky'), Mine Yv and sine Xy' cause the discrete sampled values 

to run together.   This means that the variation in the rectf ~-~ 5^ ) can be neglected in the rectf    -^ 5^ j 

\    N   8m.n  / 

and this function can be simplified to rect(    «J.   j.   Rewriting this equation, we hive; 
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(40) 2 MY    Y 
M    N 

m-l n I 

~-{^?U ...(•-[? • ^ =ff - v)] 
Thi« summation in u represents the envelope along the range dimension.   Tnis envelope has 
no sidelobes and can be ignored.   The normalized envelope of interest is: 

(41) |E| = nr 
z A m 

I   (A      -A A    )e m       m, n    m 
M-l 

+**-*-•-»)]! I 
m=l 

Qirrying out the same analysis that was performed on equation (18) we have: 

(42) 2        ml 
'm   (a   +4,'    'm   v  ) 

'E —H  

B>1 

0M We are interested in this equation at v ■ r^ 

(43) I     m=l    ,n I ^ l P ^K'-vv^)2 

na  
l     A.     2 

m-l 

The parameters in the above equation are defined in equation (37).   This reduces to: 

^[0.05 t^x 1.5 x I0'11 ♦ 3.86 x 10"9J 

2 

^E       , 

v- =■ 
10 

Using this the ratio of degraded sldelobe level to nominal sidelobe level is given by 

r,2.65xi0-2 

a       a/ö-       *I-S 

. 



Calculated values of degraded sidelobe level vs. nominal level are shown In Figure 27, 
which also contains the curve for Formst D. 

IV.   CONCLUSIONS 

The signal power In the random error component sets a limit on attainable sidelobe 
suppression, with given system parameters.   An Inspection of the curves for Formats I and n 
(shown In Figure27)Indicates that with one dimensional Integration (Format I) the suppression 
level Is limited at about SO db.   With two-dimensional integration, greater suppression of 
random errors Is possible, with 45.5 db capability being indicated by the curve.   It is antici- 
pated that the poorer sidelobes in Format 1 will be concentrated in a ridge (at constant range) 
across the output plane.   This Is because the error power before Integration Is concentrated 
in a swath across the output plane about one radar range cell wide.   Format II, on the other 
hand, has ' V error power distributed more or less uniformly over the input plane and should 
not have rldge-IIke doppler sidelobes.   The structure with Format I has been observed with 
processed dat. from digital computer runs.   The primary error sources 'n this case were in 
radar range lobe adjustments and In phase alignment of pulses to provide a coherent doppler 
reference. 
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APPENDIX   m 

SOFTWARE 

1.    OPTICAL PROCESSOR PROGRAM 

Thla ia the main program In preparing radar data so that It may be used with the SD6 910 
and the film recorder to produce photographic film which la optically processed.   The Input 
to this program Is a magnetic tape which cmtalns radar data In the form of 84 amplitude and 
84 phase quantities per pulM.   The output Is another magnetic tape with records of 2048 or 
1024 words.   Each record represent» a radar pulse that has been Interpolated to produce 
more sample points, aligned (alignment la not necessary with simulated radar data prodiced 
by DATA2X), applied to a spatial carrier with phase, and then added to a bias level.   This 
output tape la In a format compatible  with the SDS 910. 

a.   Logic 

This program begins by rewinding FORTRAN tape units 11 and 12.   It then sets up 
the sin X/X table which Is used to Interpolate the radar data.   In this table X varies from 0 
to 85. 5 by Increments of «/lO.   The program now reads all the data cards (cards 1 thru 6). 
It also calla subroutines LSFIT4.   This subroutine sets up a look up table to compensate for 
the overall film recorder nonllnearltles.   Then a table la set up for the spatial carrier and 
all the variables needed in calling any of the alignment subroutines are defined.   Following 
thla is the logic tor Input tape control.   Here, according to the values of the variables on the 
data cards, the Input tape can be advanced a number of pulses, backspaced, rewound, or 
given number of pulses can be skipped between each processed pulse.   After a pulse Is read 
In from tape, one of the three alignment subroutines (ALIGN1, ALICN2, ALIGNS) Is called 
dependli« on the value of NALIGN, an Input variable.   The align subroutines convert the 84 
amplltudea and 84 phases to real and Imaginary parts.   These are then Interpolated using 
sin X/X to give ten points between every two points of the original 84.   Th's results In 831 
real, and 831 Imaginary values per pulse.   Then the pulses are aligned.   The method used 
depends on which align subroutine Is called.   Simulated radar data, produced by DATA2X, 
Is not aligned. 

The data i»w la In aligned and partially Interpolated form.   Linear Interpolation be- 
tween adjacent points Is now used to form the necessary 1024 or 2048 points per radar pulse. 
Now the pulse number and the maximum amplitude for the present frame (a frame la a set of 
pulses which are recorded adjacent on film) Is printed.   The maximum amplitude for a frame 
was found by subroutine AMPMAX as the data was generated.   If A (n) represents the n,h 

amplitude sample point of a pulse and An) represents the n,h phase sample point (there are 
1024 or 2048 sample points per pulse) and AMPMAX Is the maximum amplitude of a given 
frame, then need to form the following function: 

AMOIXn) ■ AMPMAX ♦ A(n) cos (2f fcn ♦ 0(n) 

where n varies from 1 to 1024 or 2048. fc Is the spatial carrier freiyiency.   Since the data Is 
not now In terms of amplitude and phase, but In the form of real and Imaginary values, much 
computation time can be saved by not converting to amplitude and phases but by rewrlttlng 
(Das; 

AMOD(n) = AMPMAX ♦ A(n)   [cos (2tfcn) cos 0(n) - sin (2ifcn) sin t{n)j 

AMOD(nl = AMPMAX ♦ cos (2»fcn) [A(n) cos 0 (n)]   - sin (2f ^n) [A(n) sin •(n)J 
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where the terms In brackets A(n) cos l(n) and A (n) sin «(n) are the real and imaginary values. 
The «lantitles cos (2ifci0 and sin (2ifcn) are the spatial carrier terms which are given in a 
look-up table formed in the beginning of this program, and which do not change from pulse to 
pulse In a given frame. 

2? ValUe8 0f AMOD<n) »re now flxed- 3ind »c^ed «o «►»« «hey are within the values 
-255 to *256, I. e. 9 bits.   If an end of frame is now reached an end of file Is written on the 
output tape.   Here subroutine PACK is called.   This subroutine checks the input data and 
makes certain each value Is within -255 and *2b6.   It also packs the data on the output magnetic 
tape in a format compatible with the SD8 910.   Now the total time of execution of this program 
Is written out. and end of file Is written on the output tape, and the program pauses before 
exit so that tapes may be removed.    See page 97 for flow chart. 

b.     Subroutines for Optical Processor Program 

(1)  ALICN1 - Prominent Point Align Subroutine 

The prominent Point Align Subroutine aligns the radar pulse returns by making 
«he phase at the prominent point zero.   All other phase values are altered by the amount of 
this prominent point phase. 

Logic 

The routine determines a number which is the last desired channel to be processed   The 
routine multiplies the amplitude channel value by the cosine of the corresponding phase chan- 
nel, and also by the sine of the phase channel.   These two values are the real and (he Imaginary 
portions of the complex return.   The above Is repeated with each desired channel    The re- 
sults of the above Is a conversion from amplitude and phase lo real Imaginary arrays. 

The routine takes these two arrays and fllls-ln between the sampling points.   The Inler- 
polattng is with SIN X/X values calculated In the main program.    For each position   the 
routine multiplies each sample value by the correct value of SINXA; and sums all 'these pro- 
ducts to give the correct weight at that position.   The routine goes through the above with 
each position to give new real and Imaginary arrays.   These arrays are (he arrays with nine 
values belween each of (he old values.   For each desired posldon In (he above arrays   (he 
roudne squares (he real and (he Imaginary values; and adds (hese (oge(her.   This Is (he squar- 
of (he amplKude of (he re(urn a( (his position.   Each squared amplitude ovtr (he desired re- 
gion Is calculated.   The maximum value and the posKlon of (his value Is found.   The phase a( 
(his amplitude is 8ub(rac(ed from (he phase of each posldon.   The real and imaginary pordons 
with (he adjus(ed phases are de(ermlned.   This roudne outputs  these arrays and the position 
of (he maximum polnl In (he arrays.    For simulated radar da(a produced by DATA2X   all«n- 
men( Is no( necessary. *     * 

The calling for (his roudne Is 

CALL AUGN1 (ICH. DATA. R, F. SXDX, NFA. N0C, MID. NDEL. INITL) 
where (he Inpuls are: 

ICH - number of amplitude and phase channels In the pulse of data. 
D*1* " name o* *>t> array which Is half amplitudes and half phases. 
SXPX * «he sin X/X array used for interpolation. 

NFA    - number of the first desired channel of amplitude data (o be used. 

N^C     - number of amplKude channels (o be used. 

mD    - number of fhe middle amplKude channel In (he pulse. 



NDEL        -  number of positions in the interpolated amplitude array to be searched each side 
of the middle position for the maximum amplitude. 

WTTL       -  control constant which is zero for the first pulse and non-zero for the rest of 
the pulse«. 

and the outputs are: 

R_ - The complex radar return I» converted to real and Imaginary arrays, then these 
arrays are aligned.   R is this aligned real array for the pulse. 

F_ • The imaginary aligned array for the pulse. 

M1P -  The position number In the Interpolated array of the maximum amplitude. 

(2)  ALIGN2 • Cross-correlation Align Subroutine 

ALIGN2 aligns the radar pulse returns by cross-correlating each return with a 
reference return.   The maximum correlation Is determined.   The phase difference of the two 
returns at this maximum correlation Is subtracted trom each phase value in the return to be 
aligned.   Also, the delay between the two returns at the maximum correlation Is subtracted 
from the return to be aligned. 

Logic 

The program defines the midpoint of the arrays which are outputs from this routine. 
These arrays are the real and Imaginary returns sampled at every 0. 2 nanoseconds.   The 
routine defines the number of the last desired channel to be processed, and then starts pro- 
cessing with .he first desired channel.   The cosine of the phase channel Is multiplied by the 
value In the corresponding amplitude channel, and also the sine of the phase channel Is multi- 
plied by the value in the corresponding amplitude channel.   These two products i*re the real 
and the iBitfiaary portions of the complex radar return.   Each amplitude - phase channel Is 
converted ;o a real and an Imaginary value In the above way. 

The routine fllls-ln the above arrays using sin X/X Interpolation. This Interpolation 
converts the above arrays which are sampled at every 2.0 nanoseconds to arrays which are 
sampled at every 0.2 nanoseconds. This fill-In Is accomplished for a point by summit« the 
proAicts of each 2.0 nanosecond sample and a sin X/X value. The sin X0( value used with 
a sample represents the distance of the r.ample from the point to be filled In. The sin X/X 
array has a zero crossover at every tenth position, thus, the 2.0 nanosecond samples which 
are at every tenth position on the new position scale are unchained by this Interpolation. 

After this Interpolation, the routine test« a quantity, which was set equal to zero in the 
main program, for being zero.   For the first pulse this quantity Is zero, thus the routine 
multiplies each element In the Interpolation arrays oi the first pulse return by the card Input 
B.   This modified return becomes the reference with which the second return Is cross- 
correlated.   After this first reference Is established, the routine defines the quantity which 
had been zero to be equal to 77, and then the routine returns to the main program.   For all 
pulse returns after the first to be used In a 2D map, the test on the above quantity allows the 
logic flow that gives the cross-correlation of the pulse return with ihe reference. 

WLen two pulse returns differ only In their relative range and overall phase, cross- 
correlation may be used to find both quantities.   If one function Is shifted along the time axis 
while the other function Is fixed, a set of correlation values Is determined.   If two functions 
have the same wave form the maximum correlation will occur when the two functions have 
no relative delay.   When the two functions are complex, the complex conjugate of one function 
must be used In the cross-correlation Integral.   In this routine the complex return to be 
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aligned Is cross-coreUted wilh the complex reference return.   The routine defines the num- 
ber of positions on the 0.2 nanosecond sampling scale that the return to be aligned is to be 
shifted relative to the reference return.   The shift that gives the n»«imum correlation re- 
presents the relativt delay between the two returns.   The routln» detei mines the cross- 
correlation for each shifted position and compares the correlation values to find the maximum. 
The shift that gave the maximum correlation, and the real and Imaginary values of the cor- 
relation sumn atlon at the maximum correlation are used to align the return.   Each real and 
Imaginary valie of the return Is shiftei by the relative delay  determined In the above cross- 
correlation.   The real and imaginary values of the above cross-correlation summation at the 
maximum correution are converted to a phase which Is the overall phase difference between 
the returns at the maximum ccrrelatlon.   This pha«e difference Is subtracted from each phase 
of the return to be aligned.   Tie result of all the above Is to subtract out the range and gross 
phase changes between returns    The routine defines the real and the Imaginary arrays re- 
presenting this aligned return.   The routine also forms a new reference return as:  one minus 
B times the old reference, pKd, B times the just aligned return. 

The routine goes back to the main program with this aligned pulse return, and leaving an 
updated reference. No alignment Is necessary for simulated data produced by DATA2X. The 
calling sequence for this routine Is 

CALL ALIGN2 (ICH, DATA, R. F, SXDX.  NFA, NOC. LLM1N, LLMAX. IN1TL, 
MID,  B) 

where the Inputs are: 

ICH -  number of amplitude and phase channels in the pulse of data 

t>ATA     -   name of data a. ray which Is hall amplitudes and half phases 

SXDX     -  the sin X/X »rray used for Interpolation 

NFA - Number of the first desired channel of an. •Utuie data to be used 

NOC - number of amplitude channels to be used 

LLMIN - number of positions below center to be shifted for correlation values 

LLMAX - number of positions above center 

'NTTL     -  control constant which Is zero for the first pulse and non-zero for the rest of 
pulses making up a 2D map 

MID        -   number of the middle amplitude channel In the radar pulse 

I*     -  smoothing constant used on reference pulse 

and the outputs are: 

R^ -  The complex radar return Is converted to real and imaginary arrays, then these 
arrays are aligned.   R is this aligned real array for the pulse. 

F_ -  the imaginary aligned array for the pulse 

ÜJP        -  •he position number In the Interpolation array of the maximum amplitude. 
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(3)  ALIGN3 - Smooth Track Align Subroutine 

ALIGNS allgm the radar returns by calculating from urbitai parameters th* 
range and phase that the return should have.   The first return Is used as a rai^e reference 
and all other returns are corrected relative to this first return.   The K>n-llnear portion of 
tSls calculated e^ution Is used to find the phase to be subtracted from each phase In ihe 
return. 

Logic 

The program defines the midpoint of the arrays which are outputs from «his routine. 
These arrays are the real and Imaginary returns sampled at every 0. 2 nanoseconds.   The 
routine defines ihe number of the last desired channel to be processed and then star»« proces- 
sing with the first desired channel.   The cosine of ihe phase channel is multiplied by Ihe 
value in the corresponding amplitude channel, and also the sine of the phase channel is mulli- 
plied by the value in the corresponding amplitude channel.   These two products are the real 
and the Imaginary portions of the complex radar return.   Each amplitude-phase channel is 
converted to a real and an imaginary value in Ihe above way. 

The routine fills-in the above arrays using sin (X)/X Interpolations. This imerpolatlon 
converts Ihe above arrays which are sampled at every 2. 0 nanoseconds to arrays which are 
sampled at every 0. 2 nanoseconds. This fill-in is accomplished for a point by summing the 
products of each 2.0 nanosecond sample and a sin (X)/X value. The sin X X value used with 
a sample represents the distance of the sample from Ihe point lo be filled in. The sin 
(X) X array has a aero crossover at every tenth position, thus, the 2. 0 nanosecond samples 
which are ai every tenth position on the new position scale are unchanged by this interpolation. 

After this interpolation, the routine tests a quanllty, which was set equal to zero in Ihe 
main program, for being aero.    For the first pulse return this quanlily is tero, thus the 
routine follows the logic which establishes Ihe reference range quantity to be used with all ihe 
remaining pulse returns.   This range «tanlUy "DELTA" is the recorded "flnerange" minus 
the calculated time dependent range.   This calculated lime dependent raiH?e has the follnwii« 
equation: 

R(l) = Ajt ♦ A2t2 . A3I3 ♦ A4t4 * A5I5 ♦ A6t6 

Where ihe A's are Ihe inputs from ihe main program, and I is the relative time »&!> pulse was 
predicted lo reach the farget.   The first term (A.l) Is subtracted from the above range equa- 
tion leaving only the non-linear terms.   This resultant non-linear value is converted into 
radians which represeiv s Ihe phase the return should have.   The routine subtracts this phase 
from each value of phase in Ihe 0. 2 nanosecond sample, and returns lo the main program with 
ihe above reference and with ihe real and imaginary phase corrected radar return. 

For the second and all remaining radar returns lo make-up a 2n map, the routine follows 
the above logic until after the test on Ihe above quantity which had been zero for Ihe flrat radar 
return.   After the first radar return, this quanlily was set equal to ♦77. thus. Ihe test results 
in the routine following the logic which uses Ihe range reference quantity DELTA with the 
radar return lo be aligned.   The routine determines Ihe new lime t. and uses 11 in the lime 
dependent range equation in Ihe same way as for the first pulse.   The routine now determines 
ihe range shift (lime difference) between the first pulse and the one lo be aligned.   The dif- 
ference between Ihe pulse lo be aligned the first In nanosecond« is equal «o Ihe time dependent 
rangt for ihe pulse plus DELTA, minus ihe fine range of Ihe pulse, all divided by ten times 
the speed of light in meters per nanosecond. 

DR - (R (t) ♦ DELTA - FRANGE)/10C 

The number of positions the 0. 2 nanosecond sampled pulse must be shifted to a'lgn It with Ihe 
first is ten times DR.   The phase of Hie pulse is determined In the same way as It was found 
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f£ra ™!.^f   return    The real and the imaginary sample« for the pulse are shifted 
,.? K .    TO *' ,0 ^^ ,he P01"8 ln ran«e-   The calculated phase is subtracted from 

vLueJ    ThT     I ^ ^ re8UlU,n, a,lgned ra<br re,Urn ta averted to real and Wnary 
^ce J^rr^t^s"™6 ^ ^ ,nain ^^ Wl,h ,he8e ^ d€n-d-   The «^ - 

CALL AUGN3 (ICH. DATA. R, F. SXDX.  NFA. NOC. WITL. MID. FRUP   FRLO 
NL. Al. A2, A3. A4. A5. A6. OMC. TTS, NPULSE. VEL) 

where the inputs are: 

ICH -  number of amplitude and phase chasmels in the pulse of data X 

DATA     -  nameofdauarray which Is half amplitudes and half phases 

SXDX      -  the sin X- X array used for Interpolation 

NFA_      -  number of the first desired channel of amplitude data to be used 

NOC_     -  number of amplitude channels to be used 

IN1TL control constant which Is «ro for the first pulse and non-.ero for rest of the 

MID        -  number of the middle amplitude channel in the radar pulse 

FRUP     -  the 16 most significant bits of the 40 bit  'fine range" number 

FRLO     *   'he 24 lower order bits of 'fine range" 

NL -   number of pulses 

Al -   modified first range derivative 

A2 -   modified second range derivative 

A3 -   modified third range derivative 

A4 -   modified fourth range derivative 

A5 -   modified fifth range derivative 

M •  modified sixth range derivative 

OMC -   conter frequency of radar 

TTS -  time between processed pulses 

NPULSE -   numhpr of pulsp 

VEL -  speed of light 

and tne ott'pnta are: 

R. -  tin complex radar return Is converted to real and Inaglnary arrays   then these 
arrays are aligned.   R Is this aligned real array for ihe pulse. 
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F_ - the Imaginary aligned array for the pulse 

MID        -  the position number In the interpolated array of the maximum amplitude. 

(4)   LSFTM - Least Squares Fit Subroutine 

This subroutine accepts N points defined by X(I). Y(I).   It then fits a fourth order 
p3lynominal to these points by the "method of least squares".   The output of this subroutine 
«re the five coefficients that define the polynommal: 

Y(x) - A ♦ Bx ♦ Cx2 ♦ Da3 ♦ Ex4 (2) 

This function v(x) will give a better approximation to the original points X(I). Yd) as N in- 
creases:  i. e. the subroutine 's given more points in a given interval. 

It is with this function v(\) that the compensation look up table is formed.   The 
inputs to the table are X values, the outputs are Y values.  Therefore, It is necessary to choose 
the X(I), Y(I) so that the amplitude values after going through the compensation look up table, 
when applied to the grid of the CRT in the film recorder, result in a film whose amplitude 
transmission is linearly proportional to the uncompensaled amplitude values. 

The calling sequence for this routine is: 

CALL LSFTM   (X, Y, N, A, B, C. D, E) 

where  he Inputs are; 

XtY        - These are two arrays defined >n the main program.   They are read in from input 
cards 3 on. depending on N, i. e. if N is greater than 4 ütore than one card is re- 
quired. 

N -  This is the number of points (defined by X, Y sets) to which a curve is fitted. 

the outputs are: 

A, B, C, D. E   -  These are the coefficients of the fourth order polynonanal as defined by 
Equation (2). 

(5)  SIMEQ - Subroutine for Solution of Simultaneous Equations 

This subroutine is used by LSFTM in solving a set of simultaneous equations 
needed in determining the coefficients A, B.C, D, E. by the method of least squares. 

The calling sequence (or this routine is: 

CALL SIMEQ (A. NROWA. NCOLB. DET. MAXHOW) 

where the inputs are: 

A_ - a matrix array containing the B vectors 

NROWA -  number of rows in matrix A 

NCOLB   -  number of B vectors 

MAX RON -  maximum row dimension of A array. 
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the outputs are; 

PET       - value of determinate of A matrix 

(The solutions to a set of equations are placed in first NCOLB columns of matrix A). 

(6)  PACK - Subroutine Which Writes Tape for SDS 910 

The IMVAC 1108 uses a 36 bit word.   The SDS requires the 1024 or 2048 word 
arrays to be written on tape such that each word consists of 12 bits.   These words are adja- 
cent on the tape with no gaps except a record gap every 1024 or 2048 words.   The first S bits 
of the 12 bit word are not used.   The next 9 bits are used to represent amplitude values rang- 
ing from -255 to 256.    Positive numbers are represented in the usual way.   A positive number 
becomes negative by taking a two's compliment of the 9 bits. 

This subroutine accepts the 36 bit UN1VAC 1108 word and packs It onto magnetic 
tape as described. 

The calling sequence for this routine is: 

CALL PACK (IWI, L) 

the Inputs are; 

IWI - arrays containing values to be written on magnetic tape for SD6 910. 

L - size of IWI array.   After each L numbers a record gap Is put on tape. 

(The output Is a magnetic tape). 

 M 



d.   Optical Prscessor Program Data Cards 

Card 1.   Format 8F10. 2 

A>IX(1) to AMX(8) 

Card 2.    Formal 1415 

NIPP 

N 

NPPF 

Card 3.   Format 8F10. 3 

njLjrmto 

Card 4.   Format SEI4.6 

n 

Each number is the maximum amplitude tor a given 
frame.   This maxlir.im lor each frame Is obtained from 
AMPMAX subroutine, not part of this program. AMX(l) 
is the maximum for the first frame. AMX(2) the second 
frame, etc. 

This is the number of Interpolations per pulse and mast 
be either 1024 or 2048. 

Total number of points X, Y to be read In on the next 
set of data cards (number of cards depends on N). 

Number of pulses per frame.   This Is fixed for a given 
run. 

These are points which are used by the program to form 
a look up table to compensate for the nonllnearltles of 
the film recorder.   The explc-tatlon of LSFIT4 defines 
how these points are detemlned. if N Is greater than 
4, more than one card Is required. 

I li'«. Is the smoothing constant for the cross-cor rela- 
tion alignment subroutine (ALIGN2) where each pulse 
Is aligned to give maximum correlation wt'.h 

DP    -  (1 - B) P 

OMC 

n-1 

where Pn |g the immediately preceding aligned pulse 
and Pn is the weighted average of all aligned preceding 
pulses. 

This Is the center frequency of the radar In MHz. 

FC 

Card I.   Format 1415 

ITAP 

LF 

This is a quantity that determines the spatial carrier. 
For 10 line pair per millimeter FC « .293. 

This is the data tape rewind control.   If ITAP ' 0. the 
data tape on Fortran IV tape unit II is rewound.   If 
ITAP = 0 It Is not rewound. 

This is the number of pulses skipped on the data tape 
before the first one used. 
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MODUL 

NAUGN 

NFC 

NL 

NOC 

II this pulse skipping control equals N. every nth pulse 
is skipped.   If MODUL = 1, every pulse Is pr    essed. 

This determines which align subroutine is to be used. 
Simulated radar data produced by DATA2X Is not 
aligned.   Ii NALIGN ■ i, ALIGN! is used.   If 
NAUGN * 2, ALIGN2 is used.   If NALIGN=3 AI K S3 
Is used. 

This is the number of the first channel of the 84 to be 
processed.   Normally NFC » I. 

This Is the total number of pulses to be processed by 
given run. 

This Is the number of channels, starling at NFC, 
actually used for each pulse. 

CardS.   Format 6FI2.6 

RHOI. RH02 RH06 - These six numbers are »he roefficlenis for a 
power series representing range versus time 
used In ALIGNS. 

2.     DATA2X - RADAR DATA SIMULATION PROGRAM 

This program proAices a data tape in the calibrated radar data format.   This tape can 
be used to test the optical recording system and software.   The program simulates the radar 
returns from a rigid rotating system of point scatters.   At the present lime it is possible to 
simulate up to twenty point   scattered.   Each polnl scalterer can have a arbitrary amplitude 
position and relative phase.   The rigid system of point scatterers can then be rotated at any  ' 
desired rotation rate and recorded al a given pulse repetition frequency.   There are two modes 
of operation of this program.   In the first mode the return of each point scalterer of a given 
amplitude  is of the form *toJJJ/ff~?, where c  Is chosen to give a desired peak to 

side lobe ratio.   This mode Is designated as Format I.   In the second mode, the return from 
each point scalterer Is the Fourier transform in the range dimension of sin fT^/l 2    2 

Jx •€ fll % -C  ' This mode produces Format II data. 

a.   Logic 

The program begins by calling sprout ine SX0XS.   This subroutine sets up a sin x/x 
table which is used by subroutine AMPMAX to find the maximum amplitude of a pulse    Now 
Äla cards 1 and 2 are read In.   Here the variable MFORMAT Is tested.   If MFORMAT -1 
Formal I data is produced    This is done by calling subroutine RZERO.   This subroutine sets 
up a table of sin f^/ff . c2  which is used In producing Forim« I data.   If MFORMAT.2. 

subroutine BAMPl» caUe^ This produces a table which is the Fourier Transform of the 
function «»^x

2.cyt/x2.c2  »n the range dimension.   This Is then used to produce Formal H 

data.   For this Format NSORT Is set equal to 2, this determines how subroutines AMPMAX 
locates the maximum amplitude of a pulse.   Now data card 3 is read In and various parameters 
are defined.   The remaining data cards are now read.   The number of cards depends on (he 
number of point scatterers and on the number of Jlfferent target configurations. 

Each pulse of data consists of 84 amplitude and 84 phase channels.   Therefore 11 is 
necessary to calculate the radar response of the point scalterer configuration at 84 points 
This is don<. by assuming that the radar return from a point scalterer is given by the table 
computed by subroutine RZEROM for Format I. or by the table from subroutine BAMP for 
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ro.-T.*! II.   In ran^e. the axis of rotation of the point gcatten is assumed to be at the center 
of the 84 range channels.   The program now computes the relativ« phase and range of each 
point icatterer    The function that was calculated by either RZEROM or BAMP is now multi- 
plied by the amplitude of each point scatterer and the contribution from all the point scatterers 
is summed at every channel.   This is done for both the real and imaginary components.   Now 
the data is converted to amplitude and phase at each channel and written onto magnetic tape. 
Subroutine AMPMAX is called to find the maximum amplitude ol this pulse.   The target is now 
rotated through an angle, which depends on the pulse repetition frequency and the rotation 
rate, and the same computation is begun for a new pulse. 

After all the pulses for a given target are completed, the maximum amplitude of these 
pulses is found from the maximum of each pulse.   The program now reads in the value of IEND 
on the last card for a given target.   If IEND - 0 a new set of target configuration data cards 
is read in.   If IEND ^ 0 an END OF FILE is placed on the tape and EXIT is called. See page 98 
for flow chart. 

b.   Subroutines for DATA2X Program 

(1) RZEROM - Subroutine for Format 1 response Pattern. 

This routine sets up a table of the function sin y x -C /Jx -C .   The table is 
the array RZ.   RZ( I) is the value of the above function at X ■ 0.   Then X is incremented by 
the amount DTAU until there are 8SS values of RZ.   The peak amplitude of the above function 
is (ec - e"c)/2c and the first xero crossing is at J2   " I .   The callii« sequence is: 

CALL RZEROM (K, DTAU, C, OMB. TAU, RZ, IPT) 

where the tapuls are: 
« 

K •  number of sample points is K ♦ 1. 

DTAU -  increment of X. 

C_ -  determines the peak to sidelobe ratio of the response pattern. 

OMB -  This is the scale factor of the X values.   With this scale factor the 
new variable U « (OMB)*X/l.   Now the first xero crossing occurs 

*'  X . (2* y»2»C2    )/OMB. 

IPT •  Print Control.   If IPT - 0 there is no print out.   If IPT - o tnen 
the TAU and RZ arrays are printed out. 

and the outputs are: 

TAU - an array containing the K * I  X values. 

RZ -  an array containing the K > 1 values of the Format I respome 
pattern. 

(2) BAMP - Suhrnutim- for Format n Respome Pattern. 

This routine uses the modified Bessel function of order xero to calculate a table 
B which is an array containing the Fourier Transform of the table formed by subroutine 
RZEROM.   This table Is tlien used by DATA2X to produce Formal 11 data.   The callli« se- 
quence is 

CALL BAMP (DDD,  LLL, B, IPT) 

91 



where the Inputs are: 

DDP 

LLL 

IPT 

The output is: 

- the sidelobe suppression constant. 

- number of samples in the B array. 

- print control, if IPT - 0 there is no print out, if IPT ^ 0 the B 
array is printed out. 

-  an array containing the LLL values of the Format II response 
pattern. 

(3)  AMPMAX - Subroutine For Finding The Maximum Amplitude of a Pulse 

Since radar amplitudes for a pulse are sampled at only 84 points, the maximum 
of these may not be the true maximum. Interpolation of all 84 points to find the marimum is 
time consuming. This routine, depending on the variable NSORT. is used to accurately find 
the maximum amplitude of a pulse by two different rapid methods. 

If NSORT « 1 the following method is used.   First the maximum of the 84 ampli- 
tudes is found.   Then another search is performed to find the relative maxima, these are 
amplitudes that are less than the maximum of the 84. and greater than this maximum minus 
DA.   About the maximum of the 84 amplitudes, and about each relative maxima a sin X/X 
interpolation is performed.   Tne number of interpolated points between each sample Is :<nPC. 
This interpolation is done in a region - IDX to IDX about each location.   From these inter- 
polations a maxima is found.   This Is the maximum amplitude for this pulse.   Its value is 
stored in the array AMXT. and a return Is made to the calling program. 

If NSORT = 2 the region between channels NFT and NLT is interpolated by sin 
X/X.   The number of interpolations between channel Is given by NIPC.   The maximum of these 
interpolated values is then the maximum for this pulse.   It is stored in the array AMXT. and 
a return is made to the calling program. 

The calling sequence is: 

CALL AMPMAX (NIPC. NCH. DA. IDX. NPPF. AMP. SXDXS. NFT. NLT. 
NSORT.   AMXT,  INP) 

where the inputs are: 

NIPC 

NCH 

DA 

IDX 

NPPF 

AMP 

SXDXS 

NFT 

- number of Interpolation!« per channel. 

- number of channels 

- used In finding relative maxima when NSORT > 1 

- used in Interpolating about relative maxima when NSORT «1 

- number of pulses per frame 

- this is the amplitude array that Is searched for a maxima 

- Sinx/X array used in interpolation 

- number of first channel for interpolation when NSORT ■ 2 



WLT -  number of last channel lor interpolaUon when NSORT > 2 

WP 

the output is: 

AMXT 

this variable must oe one   the first time AMPMAX is called, and 
incremented by one every following call. 

an array containing the maximum of each pulse.   The number of 
values in the array is equal to the number of Umer A MPMAX is 

called. 

(4)  SXfXS • Subroutine for producing slnX/X array. 

This routine sets up the süiX/X table SXDXS    SXDXSO) ■ 1. for elnX'X at 
X    0.   Then X is incremented by s/NlPC until there ar« (NCH)*(NIPC)i • 10 values in the 
SXDXS array. 

The calling sequence is 

CALL SXfXS (SXDXS. N1PC, NCH). 

where the inputs are: 

NIPC 

NCA 

the output is: 

SXDXS 

//NIPC is the increment for X used In calculating the array of 
slnX/X- 

There are NCH'NIPC ♦ 10 values in the SXDXS array. 

an array of slnx/X values. 
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i    DATA2X Program Data Card« 

Card 1.   Format HO. F10, 3, 2110 

N1PC -   number of interpolations per channel, used by AMPMAX 

-  used by AMPMAX to find relative maximum when NSORT » 1 DA 

IDX 

NSORT 

- used by AMPMAX In Interpolating about relative maximum when 
NSORT » 1 

- determines which method Is used by AMPMAX to find maximum ampli- 
tude of a pulse. 

Card 2.   Format 615, 4F10.3 

MFORMT -  If MFORMAT - I. format I data Is produced. If MFORMT > 2 format fl 
data Is produced. 

LLL 

1PT 

NFT 

NLT 

DTAU 

- there are K*l values In <he RZ array produced by subroutine RZ£ROM. 

- there are LLL values In the B array produced by subroutine BAMP. 

- prlnf control. If IPT << 0 the RZ and the B array produced by RZEROM 
and BAMP wUI be printed out. if IPT - 0 they will not be printed. 

- This Is used by subroutine AMPMAX. and is the first channel to be 
interpolated when NSORT ■ 2 

- This Is used by subroutine AMPMAX, and is the last channel to be 
Interpolated when NSORT = 2. 

- this Is the Increment for the X variable at which sin Jx2 - C2/jx2 - C2 

Is calculated by subroutine RZEROM. 1 

- determines the peak to sldelobe ratio of the response pattern produced 
by the RZEROM routine. 

OMH 

DDD 

- scale factor for the variable x In the RZEROM routine 

- sldelobe suppression constant for the BAMP subroutine. 

Card 3.   Format 215, 5F10. 5 

NPT -  number of point scalterers 

- for each target 2M*1 pulses are generated. 

- increment for the range, for 84 channels. AK = 1. 

- rotation rate of point scatterers in degrees per second. 

- pulse repetition frequency in Hertz. 

- actual range increment for 84 channels AK « I 

M 

AK 

ROT 

PRE 

DELX 



XSTART   -  this is (he first range value relative to center of rotation.   If the center 
of rotation of the target is to be in the center of the 84 channels then 
XSTART » -42 (i. e,, will have -42 to +41 channel locations, the center 
of rotation at chani«! 0.) 

Card 4.   Format 8F10. 3 

R(I), R(2)t....R(HPT) - This is an array of the ranges of each point scatterer from 
the «.enter of rotation.   If NPT is greater than 8 more than 
one card is required. 

Card 5.   Format 8F10.3 

A(I)tA(2) A(N'PT) - This is an array of the amplitudes of each point scatterer. 
If NPT is greater than 8 more than one can* in required. 

Card6.   Format 8FI0.3 

PHI8(I), PHI8(2)    - This Is array of the phase change. In degrees,   on reflec- 
PHIS(NPT) tion from each point scatterer.   If NPT Is greater than 8 

more than one card is required. 

Card 7.    Format 8F10. 3 . 

TET8(I).TET8(2).. 
TETS(NPT) 

•  This Is the array of the angles of the line» drawn from each 
point scatterer to center of rotation of the larget when It 
Is at the M * 1 pulse (there are 2M+1 pulses for each target). 
Each angle is at the center of the rotation interval.   Ihere 
are M pulses to each side of TETS   for each point scatter. 
The figure below shows the target configuration: 

PHIS 12) 

tOS 
R(2) 

LOCATION OF A(0 
PAT PULSE 2M«I 

A(l) PULSE M*l 
PHlS(l) 
„LOCATION OF All) 

--,-, AT PULSE I 

»TE 
(NPT) 

ROTVSEC 

A(NPT) 
PMISJNPT) 

(The total angle through which the target rotates for 
2M-1 pulses is 2a   * (2M-1) (ROT) (1/PRF) degrees) 



. 

Card 8.   Format 13 • 

IEND • If IEND 5  0 read another set of cards 3 through 7 for a new target and 
a new set of pulses.   If IEND > 0 program writes an END FILE 11 on 
tape, pauses tn remove tape then, exits. 

3. SDS 910 PROGRAM 

The SDS 910 program accepts pulses of rada data from a magnetic tape produced on the 
UNIVAC 1108 by the Optical Processor Program.   On this tape are records of either 2048 or 
1024 words each.   Each word represents a pulse width which is. in normal operation, a 
single sweep on the CRT.   The SDS 910 reads these records into storage and then outputs 
them at a given rate to the D/A converter and the film recorder.   In addition, line start pulses, 
line stop pulses, and camera clock frequencies are generated. 

The SDS 910 can accept information from magnetic tape, paper tape, or an on-line type- 
writer.   Also, control of a program can be initiated by means of breakpoint switches 1 throi^h 
4. The SDS 910 Program is read in from paper tape by the standard fill procedure (see 
sec'.'on on operation of the film recorder for more detail on the program and operation of the 
SDS 910).   All breakpoint switches should be reset.   The program is now In the Idling mode. 
It Is necessary to provide time between Line Start pulses.   This is done by setting and then 
resetting breakpoint 1, and then typing In a four digit number equal to the desired number of 
milliseconds.   If this Is not done the time between Line Start will be set to 200 milliseconds 
(I.e.. 5 pulses per second).   At the present time the number of milliseconds between line 
start, pulses must be greater than 200 and less than 400. 

For normal operation break-point 3 Is now set.   The program now alternately reads a 
block off of magnetic tape and outputs It at the already fixed rate to the CRT.    Lire start 
and line stop pulses are also generated.   At the end of each frame nl pulses all outputs arc 
Inhibited, except the camera clock frequency.   If breakpoint 3 Is reset and 2 Is set further 
magnetic tape Is not read.   The program repeatedly outputs the last block that was read from 
a magnetic tape.   AU timing Is exactly the same as when breakpoint 3 was set. 
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Flow Chart for Optical Processor Profivm. 

START 

form 855 values of si 

X 
I Read Data Cards | 

~~L— 
Call I iFTM 

form Transfer Array 
tnr Compensation 

| form Look-up '^ble Ur spatial rarrier 

T" 
Calculations for Smooth Track Align. 

ALIGNS 
I Djgll 

I N=N>1 I 

Read tape 11. one pulst- | 

I 
Call ALIGN 1.ALICN2. or ALIGNS I 

depending on value of NALIGN 

1 
Linear Interpolation 

to 1024 or 2048 

form 
AMPMAX * A(n)cos(2*f n * 0(n) ) 
  c 

scale and enter 
transfer "Look-Up" 

table (0-511) 

I 
[CALL PACK| 
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Flow Chart tor DATABC Program 

rirARTJ 
I Sei up SirjTx tabto | 

Read DaU Cards 1 and 2 | 

| Call BAMP 

Call RZKROV 

NSORT - 2 
T 

r 
Calculate Real & Imaginary 
component o( radar return at 
84 locations using BAMP table 

t , 
Real data cards 3-7 

cU'tine mr.-implpr« define parameters 

I  I = M 

Calculate relatH ' phase 
and range of each scatterer 

Calculate Real and Itnaginarv 
components of radar return a) 
84 locations using RZEROM table 

Concert Real and Imaginary 
to amplitude and phase. 

Write Fortran !V 
11 tape 

Call AMPMAX 

find maximum amplitude 
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I 
\      Read last data card, Is IEND > 0 
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no 
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a) Rome Air Development Center 
Griffiss Air Force Base. New York 

b) Project DEFENDER         J—AHPA, washin^wn, D.C.  
A film recorder for high resolution radar echoes has been designed and fab- 

ricated.   It employs a modulated cathode ray tube trace which is imaged onto a 
inn ing film.   Individual pulse echoed are written across one dimension of the film 
corresponding to the direction of the CRT sweep.   Successive echoes are accumu- 
lated side-by-side in the orthogonal direction.   The data is recorded in a format 
suitable for subuequent processing in a c( herent optical system.   The purpose is 
to obtain doppler resolution by integration over a sequence if pulses    This is to 
be carried out simultaneously for each range resolution elen.ent, giving an output 
with two dimensions of resolution. 

The specifications, design, fabrication, ard check-out of the film recording 
equipment are described In this report.   Simulated data has been employed to 
verify the overall performance of the device.   A review Is given of the dat. tiamef 
recorded and the test results obtained from them.   The system can record data In 
two different formats, to allow some flexibility In implementing the coherent 
imaging processor. 
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covered. 
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9*.   ORIGINATOR'S REPORT NUMBER(S).    Enter the offi- 
cial report number b> which the document will be Identified 
and controlled by the originating activity.   This number muat 
be unique to this report, 

96. OTHER REPORT NUMBERIS): If the raport ht« been 
aaa^gned any other raport numbare feilher 6K l.<e orltmalor 
or t»- (6a sponsor^, also enter this numbeWt). 

lu.    AVAILABILITY LIMITATION NOTICES:   Enter any Um- 
itat'uns on further dissemination of lha report, other than those 

imposed by sacurily classification, usir* standard statements 
such •» 

(t)    "^talified requesters may obtain copies of this 
raport from ODC" 

(2) "Foreign announcement and dissemination of this 
raport by DDC is not aulhon/ed." 

(3) "U. s  Govarnmanl agencies may obtain copies of 
this report directly from DDC.   Other qualified DDC 
users shall request through 

(4)    "U. S   mliitary agendas may obtain copies of this 
report directly from DDC   Other qualified users 
shall retuast through 

(S)    "All distribution of this raport is controlled  Qual- 
ified DDC vsers shall request through 

If the raport has b>en fivrushed to the Office of Technical 
Servtca«. Department cf Commerce, for aale to Ihe public, indi- 
cate this fact and entev tha price, if knowrv 

1L   SUPPLEMENTARY NOTES: 
lory notes. 

12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the dapartmanlal project office or laborator. sponsoring Tpay 
■nf for) tiie research and development.   Include address. 

13    ABSTRACT:   Enter an abstract giving a brief and factual 
summary of the document indicative of the report, ei-rn though 
it may also appear elsewhere in the body of the lecAnicsl re- 
port.   If additional space is required, a continuation sheet shall 
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It is highly desirsble thai the abstract of classified reports 
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There is no limilstlon on the length of the abatract    How- 
ever, the suggested length is from I SO to 22S words. 

14    KEY WORDS:   Key words are technically meaningful terms 
or short phrases thai characterute a report and may be used as 
indes entries for cataloging the report     Key «rords mast be 
selected so (hat no serunly classificstlon is required    Identi 
flars. such aa equipment model desipiation, trade name, military 
project coda name, geographic location, may be used as key 
words but will be followed by an indica tun of technical con- 
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