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1
Section I

Technical Report Summary

This report discusses several aspects of the application of ultrashort
optical pulses to 'high resolution imaging optical radar. In the work reported
herein, attention has been concentrated on tie extension of the principles
involved in microwave synthetic aperture radar (SAR) to the optical region,
Significant acco plishments during this period include the successful demon-
stration of a laboratory scale synthetic aperture optical radar with two
dimensional resolution, and the development of a novel scheme for ultrafast
optical data processing involving frequency domain sampling.

SAR systems make use of range-Doppler processing to achieve two-
dimensional resolution of targets in situations where the target cannot be
resolved by conventional means, i.e., where the target is smaller than the
diffraction limited resolution of the transmitting and receiving aperture.
SAR processing can be used whenever there is relative motion of the radar
and the target, This motion can be due to motion of the radar as in airborne
side looking radars, or to motion of the target as in radar astronomy of
planetary surfaces where the motion is due to the planetary rotation, Most
of the discussions here will be concerned with rotating targets. The reso-
lution of a SAR system in the down range direction is determined by the
reciprocal of the bandwidth of the transmitted signal. In the case of a
rotating target, the cross range resolution is determined by the wavelength
of the transmitted radiation and the coherent processing time.

A simple and useful form of transmitted signal for a synthetic aperture
radar system consists of a periodic truin of coherent short pulses. The
signal processing involved in treating the received data involves the samp-
ling of different time segments of the receiveq signal to give the range
resolution elements, and a spectral analysis of the received signal from
each range element to determine the distribution of Doppler shifts within each ‘
range resolution element. More elaborate forms of the transmitted signal may
be useful in some applications. For any form of signal, however, the range
resolution will be determined by the reciprocal of the signal bandwidth and

the Doppler resolution by the reciprocal of the total signal duration (assdm- J
ing that can all be coherently processed),

The choice of a laser for a practical synthetic aperture optical radar
would be governed by many considerations including the available povwer, the
range and Doppler resolution desired, the nature of the transmission medium,
and the coherence and stability of the source Under the present contract, {
a laboratory scale demonstration of a synthetic aperture optical radar has
been set up; it has successfully demonstrated two dimensional resolution of
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& laloratory larget and has produced a range-Doppler image of the target. In
this experiment a continuously mode-locked Nd-YAG laser was .ned. This laser
produced a periodic train of ~ 100 psec duration pulses and ¢llowed a range
resolution of 1-2 em Further experiments are planned to inrestigate the ul-
timate resolution capabilities of this system,

In the laboratory scale grnthetic aperture radar, the required time
sampling was acccmplished by heterodyning the received signal against a local
oscillator that consisted of a time-shifted and frequency offset version of
the transmitted pulse train. The distribution in range was determined by
cﬁangingrthe relative arrival times of the signal pulses and the local oscil-
lator pulses at the photo surface of the detector., In a more efficient sys-
tem, prrallel detectors, each with its appropriately delayed local oscillator,
could be used to sample the range elements simultaneously rather than sequen-
tially'as was done in the demonstration. This would be a satisfactory system
to obtain an image but it does not make optimum use of the received signal
energy., An inefficiency results from the way that sampling is carried out.
Each of the detectors receives a fraction of the total received signal, to-
gether with the local oscillator pulse. Only that portion of the received
signal that is coincident in time with the local oscillator pulse is actually
used. The remaining portion is absorbed in the detector (whicu is necessarily
absorptive if it is to have a high quantum efficiency), and is wasted. To
achieve N range resolution elements in such a system the received signal would
have to be divided into N channels with consequent reduction in the signal
level of each channel, The problem could be eliminated if a very fast and
lossless optical modulator or beam deflector were available. A fast beam de-
flector, for example, could divert different time segments of the received
signal to different detectors and no inefficiency would result. Such modulators,
however, are beyond the present state-of-the-art. [ossless sampling can in
principle be achieved by using nonlinear optical effects such as sum frequency
generation but such schemes are impractical at low signal levels. A considerable
amount of attention was paid to this problem during the present contract period,
and a scheme has been devised to overcome it. The solution to the problem
lies in the observation that while it is impossible in principie to sample a
signal in time and to return the remainder for further processing using a linear
electromagnetic device, it is easy to sample a portion of the frequency spectrum
of the signal and to return the rest without loss. An interference filter or
a Fabry-Perot etalon for example does precisely this. This observation leads
to a scheme that should be useful not only for the processing of synthetic
aperture radar deta but for other ultrafast optical date processing problems
as well., 1In the simplest form of the system the received signal, having a
large. bandwidth product, and a local oscillator signal consisting of a short
duration pulse are combined with parallel wavefronts on a beam splitter. The
composite signal is then analyzed by a bank of narrow band filters. The out-
put of each filter is square law detected and integrated over a time equal to
the total duration of the received signal. A number of perallel cutputs are
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thus obtained. Under the proper conditions, it may be shown that these

outputs constitute a sampled version of the Fourier Transform of the original
recelvved signal. If a sufficient number of samples are taken, these completely
characterize the received signal, and the original amplitude and phase of sig-
nal as a function of time can be reconstructed, The time resolution of such

a system is limited only by the duration of the local oscillator pulse, assuming
the proper choice of filters. This scheme is quite general and can be extended
to cases where the local oscillator signal is more complicated than a simple
short pulse. The scheme discussed at greater length in the body of this re-
port, Tt is expected that a substantial portion of the future work on this
contract would involve further analysis of this system, investigation of means
for experimentally implementing the system, experimental demonstration and
application of the system to a laboratory synthetic aperture optical radar.

As mentioned above, the range resolution of an SAR system is determined
by the reciprocal of the bandwidth of the signal (or the pulse duration for
a train of transform limited pulses). 1In 1963, E. I. Gorden and J. D. Rigden
proposed and analyzed a modulator consisting of a Fabry-Perot interferometer
with an internal phase modulator that is driven at a frequency equal to the
c/2L axial mode spacing frequency. Such a modulator can act as an extremely
fast, repetitive optical shutter. In effect, the very narrow passband of
the Fabry-Perot is swept beck and forth at the modulation frequency. If a
cw signal is incident upon the interferometer a train of very short duration
pulses will be transmitted. The seemingly contradictory result that the
effective transmission can be varied in a tiime short compared to the energy
storage time of the interferometer can be readily confirmed by a simple analysis.
It is a result of the periodicity of the modulating signal. Recently T. Kobayashi,
T. Sueta, Y, Cho and Y, Matsuo used such an interferometer as the output re-
flector for a helium neon laser, The modulator was driven at a frequency of
1.34% GHz and produced a train of pulsas of 21 psec duration and at a rate of
2.68 x 109 pps. This is rather remarkable since the pulse duration is more
than an order of magnitude shorter than the reciprocal of “he available laser
line width. It is also possible, by adjusting the modulator parameters, to
achieve optimum coupling out of the laser. Such a technique would be ideal to
generate a signal for a synthetic aperture radar. This technique appears cap-
able of generating pulses that are much shorter than can be achieved by mode-
locking, and since the resolution of an SAR improves with decreasing pulse
duration, such pulses would be very useful A modulator has been designed and
fabricated for use with & YAG laser and initial tests are planned for the near

future. 1If this type of modulator is successful, it will be used to demonstrate
improved range resoulution,
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SECTION II
COHERENT IMAJING PROBLEMS

Discussion of Principles

The section briefly reviews some of the basic principles involved in a co-
herent imaging radar (Refs. II-1 and 2).

In a conventional radar imaging system, the recolution is determined by the
diffraction limit of the system, which, with an aperture D and a wavelength A, is,

46 =\/D
So that the resolution at a distance R is
AX = AR/D

The maximum size of the aperture is determined by scintillations and angle of
arrival fluctuations in the visible and infrared regions of the spectrum and in
addition, in the microwave region, by fabrication problems. In the visible region,
the largest useable aperture is of the order of 10 cm. At 10.6 L it is approxi-
mately one meter. (The coherence area actually increases as)\é and depends on

the state of turbulence of the atmosphere. The value used here are quite optimistic.
See, for example, Ref. II-3, pp 128-14li,) Microwave apertures of tens to hundreds
of meters or larger have been successfully operated. In_the visible and IR

regions then, the minimum beam width is approximately 10™7 radians. Obtainable
resolution is

R (km) 0X (meters)

1 .01

10 .1

100 1

200 2

1000 B 10

3x 10 300

5 x 10 5 x 103 (moon)

Setting aside considerations of det2ctability for the moment , obtaining an
image of an object of a few meters in size at a distance of 100-500 km is on the
far edge of the capability of a conventional imaging system. Simple range gating
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using short pulses of duration T can provide down-range resolution of the order of
TC/2, independent of range. Nanosecond pulses can thus provide resolution of the
order of 15 cm and shorter pulses correspondingly better resolution. If periodic
trains of pulses can be processed coherently, then comparable or better cross
range resolution on moving targets can be obtained from Doppler information.

Coherent synthetic aperture techniques can be used whenever there is relative
motion between the rader and the target. Two cases are usually considered, the
rotating body range-doppler imaging used in racdar astronomy and the side-looking
radar used for terrain mapping. Fig. II-le shows the geometry for a rotating
sphere and Fig. II-1b for a rotating cylinder. Range gating provides resolution in
the down range direction, and Doppler processing provides the resolution in the
cross range direction. In the simple case of the rotating sphere, the contours o
constant velocity are parallel to the axis of rotation as shown and together with
the contours of constant range, provide a coordinate system on the target. The
doppler shift is given by d

wix

where (0 is the rotation rate of the target, and x is distance from the axis of
rotation.

The resolution in x will depend on how well we can resolve the doppler frequency,
i.e.,

c
2002

where Awdr is the doppler frequency resolution limit. If we observe the target
for a time T, then Awjy, ~ 2m/T and

Ax = Awdr

_ enc _ A _ A
bX = sy T X wrme

where A6 is the angle through which the target has turned during the obserwvation
time T. The cross range resolution can be very good at optical wavelengths. There
is, of course, the problem of movement of features through the resolution elements
during the observation time. There are techniques to handle this. We can estimate
the magnitude of this effect. The x or cross range position of a given feature 1}
i
{

will change by 6x = RA® during the observation time, and if it is not to move out
of & range resolution cell

_ _ A
¢x =RA B < Ax = R

United Rircraft U |
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or
2
RAB Ax<Ax

RA <ax
2

So that if A = 10 p R = 10 meters

1
Ax >7'2-

;|_o'2 meters
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i.e., as long as we do not try to resolve better than about 1 cm., the motion
of features *through doppler resolution lines will not be a great problem.

IfA=1p, R =1 meter then
A x° > 10
* 732

1
A x2 S — 10'? meters

/2

and the resolution is better by a factor of 10.

Application of synthetic aperture processing to side looking raders has been
discussed in UARL Report L-920479-36, Ref. II-4. This repart discusses the
power and energy requirements, the frequency resolution, signal to noise ratio and
detection sensitivity for a synthetic eperture optical radar system.

The beasic problem involved in the Processing of optical synthetic aperture
radar data is indicated schematically in Fig. II-2. This shows one possible type
of transmitted signal although many other types could be used. The target is
illuminated by a periodic sequence of transform limited short duration optical
pulses as shown in Fig. II-2a. The return signal consists of a series of longer
pulses as shown in Fig. II-2b, In principle, this series of pulses could be hetero-
dyned against a stable local oscillator having the same center frequency as the
transmitted pulse train to give a signal as shown in Fig. II-2c. To produce an
image, it is necessary to sample each renge element in the signal and to spectrally
analyze the history of the optical phase within the element to determine the dis-
tribution of doppler shifts within the range element. The range and doppler

United Aircraft m_um_ ;
Research Laboratories A. II-3 . ‘
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distribution of the received signal can then be used to provide a twopdimensional

image of the target since the range and doppler contains constitute a coordinate
system on the target.

The simple scheme discussed above cannot be used in Practice. To achieve
resolution of 1.5 cm, for example, would require an optical heterodyne detector with
a time resolution of 100 psec together with electronics of comparable response
time. Electronic sa.mpling circuits with this response time are not available.

A possible way of processing the signal is illustrated in Fig. II-3. The
incoming signal is split into a number of channels corresponding to the desired
number of range resolution elements. A local oscillator consisting of a train
of short pulses (alfreplica of the transmitted signal with an offset frequency) is
provided. This signal is appropriately delayed for each range channel so that it
arrives at the mixer coincident in time with the range element that it is desired
to sample. Since heterodyning will occur only when the local oscillator is-present 5
this performs the necessary sampling. The signal is then amplified at the IF
frequency. The resulting signal is cubject to a spectral analysis to determine
the distribution of doppler shifts in the range element. This is repeated for each .
range element in the received signal. The output of this system thus contains all
the information necessary to synthesize a range-doppler image of the target. The
detection sensitivity of such a system after the splitting cf the original beam
is excellent., It is a heterodyne system and can be operated in the quantum noise
limited region. A fundamental inefficiency arises, however, due to the beam division.
A scheme to avoid this has been devised and is discussed in Section III of this
report, A modified version of the scheme illustrated in Fig 1II-3 1s being used
in imaging experiments.

Preliminery Imaging Experiments

The ideal laser for the imaging system discussed above would be one that
emitted a train of ultrashort pulses with highly reproducible characteristics.
The pulses should have the shortest possible duration, possess uniform phase fronts
too and be phase coherent from pulse to pulse.

In an operational system the coherence of the local oscillator used for
heterodyning must be maintained over the ~ound trip time of the signal from the
target. Provisions must be made to compensate for the potentially large doppler
shift due to translation of a spinning target. Finally, sufficient power must be
available to overcome the large propegation loss from a distant target, to ensure
an adequate signal to noise ratio at the receiver. 1In a laboratory simulation,
the coherence requirement may be easily met since propagation times are very small.
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Imaging of a purely rotating target eliminates the need for extremely large local ]
oscillator offsets. The power requirements, however, are not reduced by the reduction

in target range. This arises because of the spatial coherence requirements imposed

by the optical heterodyne detector. If a distant target intercepts all of the

power in the beam from the transmitter, and if it scatters the power uniformly

in angle, then the power received by the receiver is just the solid angle subtended

by the receiver aperture as viewed from the target. In the case where the target

is just resolved, this will be of the order of

2 .
o R TS P
S U A = -

where d is the target dlameter, D is the receiver aperture and R is the distance.
In the case of a target at very close range, essentia.liy all of the power scattered
back toward the receiver can be intercepted by the receiving aperture. Only a
small fraction of this however is useful for the heterodyﬁe detection. The angular
coherence interval for, power scattered from different point scatters on the target
is approximately A6 = . The field of view of the receiver must be limited to
this to avoid loss of signal. Again assuming isotropic_scattering, the total
useful received power is again of the order of Po ()\/d)g/lm.

The choice of wavelength for an imaging radar is governed by a number of
considerations, some of which are discussed in the previously referenced UARL
Report L-920479-36 (Ref. II-h4). It is generally advantegeous to go to a long
wavelength and the detection sensitivity increases approximately as A3. The

larger usable aperture discussed in Section II accounts for a A\~ depend.nce and
the reduced quantum noise at lower frequencies accounts for a A dependence. In

an operating system, this would indicate a choice of the 10.6 p CO, laser over

the 1.06 p Nd:YAG laser. Bandwidths available from CO, lasers are capable of
giving range resolutions of only a foot or so while a NAd:YAG laser can give
resolution of about a centimeter. A mode-locked YAG laser is better suited to con-
duct a laboratory investigation of synthetic aperture imaging techniques.

A closed locp mode-locked laser has been fabricated for use in these experi-

ments. The laser head is illustrated in Fig. II-4 and the associated control !
rack is sketcied in Fig. II-5. In this laser a detector is used tc sample the :
cutput from the high reflectivity end of the Nd:YAG laser. The component at the

fundamental mode spacing frequency of the laser is filtered and amplified. This J
signal is then properly phase shifted and is usel to drive an intracavity Lithium

Nibate phase modulator. " When the phase is properly adjusted, this results in
mode-locking of the laser and a continuous train of ~ 100 psec pulses are produced.

N T
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This laser was used in the initial laboratory demonstration of an
imaging optical radar. The system that was used is identical in concept
to that shown in Fig. II-3 except that both the range and Doppler distri-
bution of the received signal were measured sequentially rather than
simultaneously as shown in the figure. The basic idea is illustrated
schematically in Fig. II-6. The beam emerges from the laser with hori-
zontal polarzation. The initial 3/2 plate is used to produce a small
amount of vertical polarzation which 1is subsequently split off by a Glan-
Thompson prison and serves as the local oscillator. This is then sent to
an adjustable delay. The main beam is sent through an expanding telescope
to illuminate the rotating target. The return beam is deflected by the
Glan-Thompson prison, is frequency shifted by 40 MHZ by an acoustic modu-
lator and is combined on a beam splitter with the local oscillator., If
we assume that the return beam is completely polarized, then the i /4 plate
serves to render the returning beam vertically polarized, and it is com-
pletely reflected at the prism interface, If there is significant depblari-
zation, the polarized component can be measured with the 1/& plate in place
and the depolarized component with it removed. The heterodyne signal, con-
taining the complete Doppler distribution for a given range element, can
then be sent to a spectrum analyzer and the output of the anaiyzer used to
modulate the intensity of a storage oscillascope, The horizontal Sweep is
driven in synchronism with the spectrum analyzer and provides a direct dis-
play of the Doppler distribution at a given range, If the local oscillator
delay and the vertical position of the trace are then scanned slowly and in
synchronism, a complete range-Doppler map of the target is produced,

A slightly modified version of this system is being used in the labora-
tory experiments, and is illustrated in Fig. II-T. The primary difference
is that the target range is scanned rather than the delay of the local
oscillator, The two arrangements are entirely equivalent. A synchronizing
signal is derived from the rotation of the target and is used to initiate
the scan of the spectrum at the same point in each rotation of the target,
In an actual radar system it is not necessary to have a priori knowledge
of the phase or rate of the target rotation, The reason why it is necessary
here is due to the fact that the spectrum analyzer and the range sampling
operates sequentially, TIf the range sampling were done in parallel as indi-
cated in Fig, II-3, then the entire image could be obtained in a small fraction

of one rotation and the changing range-Doppler map could be observed as the
object rotated,

The telescope used for the initial experiment consisted of a 2 cm positive
lens and a 5" diameter, 1 meter radius concave mirror that was operated slight-
ly off axis, The target that was used consisted of an aluminum bar holding
two retroreflectors(glass corner cubes) of 1 cm diameter separated by a vertical
distance of 3.5 cm, The target was rotated about a horizontal axis at a rate
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of 0.5 rps, Typical images that could be obtained are shown in Fig. II-T. 1
The spectrum was taken when the bar was at an angle of hSo with the upper
half receding from the transmitter. The horizontal axis of the display is
the Doppler axis and the vertical axis is the range axis. The upper image

of the figure is obtained where the laser is operated in a single axial

mode (or only a few modes), The display shows the upper reflector (receding)
with a negative Doppler shift and the lower reflector (approaching) with a
positive Doppler shift, The verticdl line between the images corresponds to
the axis of rotation of the target (zero Doppler shift), and is actually due
to a small amount of feedthrough from the acoustic modulator into the spec-
trum analyzer., As would be expected, the image 1s independent of range,
since the laser is running in a single mode. The lower part of Figure II-8
shows the result obtained where the laser is mode-locked. The targets are
very clearly resolved in the range direction. The upper portion corresponds
to longer range and the lower portion to nearer range. The top (receding)
target is seen with down Doppler shift and at a greater range while the
bottom target (approaching) is seen with up Doppler and at a closer range,

The preliminary experiment clearly demonstrates the excellent spatial
resolution that can be achieved with a synthetic aperture optical radar
system. The next experiments to be undertaken with this system will involve
lmaging of more complex targets. This will involve some modifications of
the optical train to achieve signal detection sensitivity that is close to
the theoretical limit., The present system is limited by some aberrations
and moudulator inefficiencies that limit its detection sensitivity. Beyoud
these experiments, the alternate signal processing techniques and signal
generating schemes that are discussed in the next section will be investigated,

II-7
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of 0.5 rps. Typical images that could be obtained are shown in Fig. II-T.
The spectrum was taken when the bar was at an angle of hSo with the upper
half receding from the transmitter, The horizontal axis of the display is
the Doppler axis and the vertical axis is the range axis. The upper image
of the figure is obtained where ihe laser is operated in a single axial

mode (or only a few modes). The display shows the upper reflector (receding)
with a negative Doppler shift and the lower reflector (approaching) with a
positive Doppler shift, The vertical line between the images corresponds to
the axis of rotation of the target (zero Doppler shift), and is actually due
to a small amount of feedthrough from the acoustic modulator into the spec-
trum analyzer, As would be expected, the image is independent of range,
since the laser is running in a single mode. The lower part of Figure II-8
shows the result obtained where the laser is mode-locked. The targets are
very clearly resolved in the range direction. The upper portion corresponds
to longer range and the lower portion to nearer range. The top (receding)
target is seen with down Doppler shift and at a greater range while the
bottom target (approaching) is seen with up Doppler and at a closer range.

The preliminary experiment clearly demonstrates the excellent spatial
resolution that can be achieved with a synthetic aperture optical radar
system. The next experiments to be undertaken with this system will involve
imaging of more complex targets, This will involve some modifications of
the optical train to achieve signal detection sensitivity that is close to
the theoretical 1limit, The present system is limited by some aberrations
and moudulator inefficiencies that limit its detection sensitivity. Beyond
these experiments, the alternate signal processing techniques and signal
generating schemes that are discussed in the next section will be investigated,
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INSTRUMENTATION RACK UARL MODEL 2001 — MODE—-LOCKED LASER
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Section III

Additional Techniques Applicable To Imaging
Frequency Domgin Sampling

As has been noted in Section II, the time-shifted heterodyne system is capable
of performing the sampling required to process the SAR signal, but it is far from
optimum in terms of its detection sensitivity. A fast optical switch could perform
the sampling without lecss of efficiency if such a switch could be built. The
sampling times of 100 picoseconds or less that are required are beyond the present
state of the art in optical modulators. During the course of the present contract,
a congiderable amount of attention was directed to this problem and a possible solu-
tion to the problem has been devised. The solution involves sampling in the freq-
uency domain rather than in the time domain., This is advantageous because it is
possible to spatially or temporally separate the various frequency components of an

optical signal using a linear, passive optical device. e.g., a spectrometer separates

the frequency components spatially and a dispersive propagation path separates them
temporally. It is not possible to separate and measure the various time segments of
a signal without the use of a nonlinear effect such as an electrooptic switch. An
extremely fast detector could be used in a heterodyne system but such detectors are
unave..lable,

The proposed scheme measures & sampled version of the Fourier Transform of a
complex optical signal. If a sufficient number of samples are taken, this will
completely characterize the optical signal. The system depends for its operation
on the availabllity of an extremely short duration optical pulse having the same
approximate optical center frequency as the pulse to be measured. This pulse serves
as a local oscillator in a frequency domain multiplexed detector. The ultimate
effective time resolution is determined by the duration of the pulse.

The discussion below shows in a gomewhat formal way how the system operates.
This discussion shows the ability of the system to fully characterize an optical
signal on an extremely fast time scale, with high detection sensitivity and without

the need for fast detectors. Possible iractical implementations will then be dis-
cussed.

Let us assume that we want to measure a received optical signal s(t). This
signal will be assumed to be of the type that would be obtained by 1i1luminating an
extended, moving target by an extrerzly short duration optical pulse. The signal
will be of finite total duration, in the range of a fraction of a nanosecond to a
few nanoseconds. It will have a wide bandwidth in terms of electronic detectors
(in the range of 101t Hz). This bandwidth is due Primarily to the bandwidth of
the original optical pulse that was transmitted, but also contains a small contri-
bution from the doppler spread of the target. Although the bandwidth is wide in
terms of electronic circuit bandwidths, the relative bandwidth referred to the

optical carrier will be small, of the order of 0.1%. The Fourier Transform of this
signal will be denoted by

III-1
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1 ~igt
S(w) = -—7-%1; w s(t) dt

We shall also assume that there is a reference “lse &vailable, and that this pulse
i1s a very short duration, transform limited puls: with the same optical center
frequency as the received pulse (it could be a replica of the transmitted pulse).
This pulse will be denoted by r(t) or its transform R(y). These two signals are

combined wiln parallel wavefronts on a beam splitter. The spectrum of the composite
signal is then

Flw) = R(w) * S(w)

where the plus or minus sgign is determined by the phase shift upon reflection from
the beam splitter; both signals can be obtained from opposite sides of the beam-
splitter. We now assume that we have a bank of N narrowband optical filters covering
the spectral extent of F(y,). The transmission of each of these filters will be
denoted by Tn(")' At the output of cach filter, the spectrum is given by

Gn(w) = [R(m) t S(w)] [ Tn (r”

At the output of each rilter, the signal is square law detected and integrated over
time, producing an output

Un

1}
Sy

2

T (w)
n

[++] . 2
j I R(p) * S@v)' dy

where the last equation follows from Parseval's Formula. Expanding, we find

Uy = JHRW 2 ¢ [RGISHW) + R4 86+ 156 2}
7, W) ° a

We now assume that the spectrum of R(y) is real and essentially constant over the
spectral range of S(y). This will be true if r(t) is a transform limited pulse as
assumed and is shorter than or comparable to the duration of the original trans-
mitted pulse. Let us denote this value by R, So

-]

o= § (R R[50 5] ¢ s 2] g, ()] 2 e

-0

In this expression, the third term will generally be negligible compared to the first
and second; it can always be made so by a sufficiently large local oscillator signal.

III-2
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The function Tn (w) is a narrow band transmission function. We choose its width
to be sufficiently narrow so that S(y) does not vary appreciably over the range in
which |T, (m)l 2 ig large. If we denote the center frequency of |Tn(“’)| 2 py Wy s
then we have '

+ R (S () + S*(m) )J
2R Re (S (u) )]

where

Since signals can be obtained corresponding to either sign in the above equations,
we can teke the difference of the two to obtain '

= ut.u =
V. = U'- Uz =2KRRe (S () )

It is straightforward to show that if an identical scheme is used but with S (y)
initially shifted by one quarter wavelength to yield S' (y) = 1 S (w), the corres-
ponding result is

v =2Knﬁ Im (S (w) )

We, thus, have a scheme for sampling both the real and the imaginary parts of the
spectrum S (y). If a sufficiently large number of samples are taken, the original
signal S(t) can be reconstructed. To summarize the important points involved in
this system:

(1) The sampling is done in the frequency domain rather than in the
time domain. This eliminates the problem of inefficient sampling 1
in the time domain due to the necessity of splitting the signal
into separate detectors.

(2) The de*ection system in each channel is a heterodyne system and |
by meking the local oscillator signal large enough so thst its shot -
noise is the dominant source of noise, quantum noise limited operation 1
can be achieved. i 14

(3) The system does not reguire fast detectors. For detection of &

single signal, they may be arbitrarily slow. To detect & series

III-3
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of pulsed signals, they must have a time response faster than the
time between the pulses.

(4) The basic operation of the system can be described simply. What it
does 1s to split the incoming signal into a number cf frequency bins,
spaced across the total spectrum of the signal. If a local oscillator
were available at each frequency bin, the amplitude and phase of the
signal in each bin could be measured. The system provides just such
a set of local oscillators by frequency filtering of a short duration
pulse. The system, thus, divides the original wide time-bandwidth
product signal into a number of parallel channels having a unity time-
bandwidth product.

The operation of this type of system might be understood more clearly by a more
concrete example. Consider a signal consisting of & repetitive train of complex
pulses

n
s(t) =
n

N

n Mo

&, [cos (wo +m) t+g

n n)

where the repetition period is 2n/h. Consider also a local oscillator signal con-
sisting of a train of short pulses

n=~N

r(t) = 3 b, cos (wo gy * m) t
n = =N

Here the center frequency of the pulse train has been offset by a frequency wy for
convenience. We shall assume that w << Q. The introduction of this offset will
simplify the discussion immensely. The composite signal is

£(t) = ¥ (an cos [ (v, +m) t + Bn] + by cos [(wy +wy +m) t]

This signal is then subjected to the filtering operation. In its most idealized
form, this simply selects out a range of n values; (sinceu{<< Q ). We obtain

n=1»N
2

N'(t) = n;N {a‘n cos [(“’o +m)t + ¢, + b, cos [(w, + 0 + m)t]}
-
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After square law detection, this signal becomes

5 5> > { apcosl(vg + )t + ¢ 1 + b coslug +w; + m)t]}

{ a.mcos[(m0 +m)t + ¢m] + meOS[(wO twp *+ m)t]}

Since the detector does not respond at optical frequencies, we may ignore all the sum
frequency terms in this expression and obtain

(gN’(t))E =§:m2 aa cos ((m-n) Ot + ¢m-¢n)+ bnbmcos ((m-n)()t)

2 2

+ ambncos ((m-n) Qt - wlt + @m)

2

+a b cos ((n-m) Qt - wt + ¢n)

- J'Bqd b Db b .
(8N:(t))2 = Zn: % {Q—F + _E_m + _2_n cos ((m-n)at - ot + o)
a_b |
+ gm cos ((n-m)nt - wt o+ o)

We now suppose that we perform an electrical filtering operation on the signal and
look only at frequencies near the offset frequency Wy This eliminates sll terms
except those for m = n and we obtain

n=N2

2
(gN'(t))filtered = D &by, cos (O)lt - ¢h)
ns= Nl

And since by assumrtion the opiical filters are narrow enough so that N bn and ¢
are essentially constent, we have n

2
(gN,(t))f = (N2 e Nl) a.N,'b cos (wlt -9

N' w)

III-5
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“here ap bN' and ¢, represent the averager values of these quantities cver the
interval lensNé. us, the output of the system is a sinusoid whose amplitude and
phase are simply related to the amplitude and phase of the Fourier comporents of the
original signal. Although this discussion has been concerned only with a truly peri-
odic train of pulses, it is clear that if the characteristics of the pulses change
slowly compared to Wy s it will be true that

(e ()5 = (N = W) a,(8) b, cos (gt = g, (%)

The relevant information, e , and ¢, can be extracted by means of a pair of quad-
rature detectors. The system is really quite a bit more general than the simplified
description. Note that we have not used the fact that the local oscillator is a
short pulse, only the fact that its Fourier comporients are constant over the width
of the filter and that they are known quantities.

A éummary of the signal processing involved in this second example is shown in
Fig. III-L.

Some remarks now should be made about the number of filters required and the
bandwidth of the filters. Let us assume that the time duration of the received
signal from a single transmitted pulse is T. To reconstruct a strictly periodic
version of this signal, we would have to construct a Fourier series consisting of
frequency components separated by f = l/T. With such a series, we can reconstruct
an arbitrary function with this periodicity. Since each couponent has a real and a
quadrature component, we are actually specifying 2 FT frequency components in an
intervel F. This should be compared with the familiar result from time sampling
theory where it is known that it is necessary to sample a signal at time intervals
of t = l/2F where F is the highest freguency component in the signel and are, thus,
also specifying 2 FT components in a time interval T. Thus, for a duration T of 1
nanosecond, the filters should be spaced by lO9 Hz, for 10 nanoseconds by 10° Hz.

The bandwidth of the individual filters determines the response time of the
system. Clearly, the bandwidth should not exceed the spacing of the filters as this
will simply lead to "crosstalk" between them, with the same information appearing on
more than one filter. The bandwidth should not be less than the heterodyne offset
signal or all informstion will be lost. Between these limits, the bandwidth determines
how fast the system can respond to changing pulse characteristics. There are a number
of possible ways to realize the bank of narrowband optical filters required for the
frequency domain sampling system. The optimum choice is, as yet, undetermined and
the evaluation of possible realizations would be part of the proposed amendment.

The narrow bandwidths required may readily be achieved by commercially available
Febry-Perot interferometers. A simple means for realizing the filter bank is shown

in Fig. III-2. Here beam splitting prisms and waveplates are used to distribute the :
signal to a bank of Fabry-Perot filters spread across the spectrum of the incoming |
signal. While simple in principle, this system would be quite expensive to implement
experimentally. Another means is shown in Fig, III-3. Here the incident beam is

I1I-6
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caused to reilect back and forth between two Inclined etalons, At each reflection, "
the angle of the beam changes so that upon the naxt pass, the transmission of the
etaion is shifted in frequency. The resulting frequency filtered components of the
signal emerge from both sides of the device and are dispersed in space and angle,
This is far simpler than the system of Fig. III-2 but for the parameters of the SAR
imaging system it suffers from a walkoff problem, The required frequency filtering
could alsc be obtained by a diffraction grating as shown in Fig, TIIT-L. In the
configuration illustrated, a double pass is used to double the dispersion, This is
probably the most practical system, although it requires the use of a fairly large
and gocd quality grating to achieve the desired.bandwidth of the filters, Other
schemes are possible and would be investigated under the proposed amendment,

For a feasibility demonstration of the frequency domain sampling technique,
the system shown in Fig. III-1 will be used, The target will be chosen to produce
a known repetitive return signal., One channel will be used and the filter would be
a tunable Fabry-Perot filter, The center frequency will be gradually scanned to
produce the output from the various frequency elements sequentially in time rather
than in parallel, These will be recorded and used to synthesize the return signal,
At the present time, the appropriate filters, amplifiers and balanced mixers that
are necessary to realize this system are being fabricated.

FABRY PEROT MODUIATOR

In 1963, E. J. Gorden and J. D. Rigdon (Ref. III-1) proposed a modulator con-
sisting of a Fabry-Perot etalon with an internal phase modulator that was driven
at the c/2¢ frequency of the etalon. Their analysis showed that this device could
act as an extremely fast optical switch. Recently, Kobayashi, Sueta, Cho and Matsuo
(Ref. III-2) demonstrated the use of such a modulator to generate trains of 21 pico-
second optical pulses from a helium neon laser. The system that was used is illus-
trated in Fig. III-5 1t may be shown by a simple derivation that the effective
transmission of a synchronously modulated Fabry-Perot interferometer is given by

T=T {1+ F sin? [(yey,

x ) /st + 6 sin(umt)]} 1

where

2

=]
!

max = T2T3 exp(-26) [l = V2\)3 exp(-26)]-

-2
F = hrzr3 exp(-25) [1 - rory exp(=25)]
At = c/2y
A8 = depth of phase modulation
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t The quantities appearing in these expressions are:

r2,r3 = magnitudes of the amplitude reflectances of mirrors 2 and 3
T2,T3 = magnitudes of the power transmiitancies of mirrors 2 and 3
exp (-5) = one way transmission through the phase modulator

f = mode spacing of the interferometer

Wy = modulation frequency = 2r Af

vo = naf = resonant frequency of interferometer

v = applied optical frequency

The transmission of this Fabry-Perot filter is exactly the same as that of a conven-
tional filter without the modulator except that the transmission is scanned back and
forth in frequency at the modulation frequency Wye For a high finesse, the trans-
mission of the filter is sharp and, because of the high scanning frequency, the filter
acts as an extremely fast, repetitive shutter. The seemingly anomalous result that
the effective transmission can be varied in a time short compared to the energy
storage time of the filter is a result of the synchronous driving of the mndulator.
The modulator can thus produce an extremely short train of pulses. The time required
to change the shape or amplitude of the transmitted pulses is, of course, related to
the energy storage time of the interferometer which, for a high finesse, is long
compared to the pulse repetitior time. The device is not really a fast modulator,
but rather a device to produce a repetitive series of very short pulses. It is shown
in Ref. III-2 that if the Fabry-Perot interferometer is driven by a cw signal at

V = vy, the width of the pulses transmitted is given by

at = (wy/2 /F 28)7L |

The significant point about this expression is that the pulse width is independent . {
of the laser line width. Mode locking of a homoge7eously broadened laser produces

a pulse duration that is proportional to (um wa)'l 2 where wy 18 the modulation
frequency and w, the laser line width.

When operated with a homogeneously broadened gas laser such as the helium neon
laser, this modulator has another very useful property, that of mode selection. The
time averaged reflectivity is a function of the depth of modulation p3. For O<r9<~/2,
the reflectivity has a maximum at y = (2n + 1)/2 vo, i.e., halfway between the rego- '
nances of the Fabry-Perot. For n/2 <AB<rm, the reflectivity has a maximum at vV = Dy,,
i.e., coincident with tne resonances of the Fabry-Perot. This is the desired frequency
of operation to produce a uniform, periodic train of pulses. For the helium neon
laser, this frequency dependent reflectivity was sufficient to cause the iager to
operate at a single frequency. The authors of Ref. III-2 used a value 28 = q/2 which

I11-8
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caused the laser to operate at y = Vo and obtained a periodic train of pulses. The
behavior of the modulator for vy # v, is illustrated in Fig. III-6. For \>vy, the
output consists of a train of double pulses occurring in the negative part of the
modulation waveform and for WV, & train of double pulses occurring in the positive
portion of the modulation waveform. This type of output will be produced as long as
|V = vy |<t6. If |v - Vo| 085 & pulsed output is not produced since the trans-
mission function does not have sharp maxima as a function of time.

In addition to the fact that the pulse width produced by this type of modulator
is independent of the laser line width, the modulator has an additional attractive
feature. The output coupling can be optimized by varying the parameters of the
Fabry-Perot so that ilhe output power in the pulse train can be made very close to
the average power that would be obtained from the cw laser without modulation.

It should be possible to apply this modulation scheme to the output of a Nd:YAG
laser to produce trains of short pulses at 1.06,. The Nd:YAG laser, although it is
homogeneously broadened, is subject to spatial hole burning problems. It is highly
provable that the frequency dependent reflectivity of the Fabry-Perot modulator will
be insufficient to constrain the laser to operate at a single frequency. A number
of techniques are available to cause the laser to operate at a single frequency.
These include the use of etalons in the cavity or the use of a unidirectional ring
laser as described in Ref. II-U, this latter being & technique that was investigated
under the present contract. If one of these schemes to cause single frequency
operation is used, the single frequency may be tuned to the proper value by means of
the system shown in Fig. III-T. This makes use of the property illustrated in
Fig. III-6 to provide a discriminant to tune the laser frequency to the resonant
frequency of the Fabry-Perot.

As mentioned above, an electro-optic phase modulator has been designed and
fabricated to investigate the Fabry Perot modulator technique. The modulator con-
sists of a Lithium Niobate crystal of dimensions 2 mm x 2 m x 10 mm, with Brewster
angle end faces. This crystal is mounted in a re-entrant microwave cavity that is
tunable in resonant frequency over the rruge of about 0.5 to 1.0 6 GHZ. Intial
tests have shown that this modulator is capable of producing appreciable phase mod-
ulator with a few watts of RF impact power, When sufficient power is applisd to )
produce a phase retardation of /2, thermal distortion sppears due to RF heating of
the crystal. This problem may be simply solved by using a crystal of smaller cross
sectional area, and such a crystal will be procured and tested. The present modu-
lator, however, will be satisfactory for initial tests of the Fabry Perot modulator,
and such tests will be carried out.

ITI-9
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