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N9204 79 =4k
TECHNICAL REPORT SUMMARY

This report is the last in a series of reports under Contract NOOO1k -66-CO3LL .
This contract has been active for nearly eight yesrs, from 1 August 1966 to
28 February 19T4. During this period of time che emphasis has changed a number of
times. Topies which have been covered include laser line profilec, ccherent
propagation effects (pi pulse propagation and adiabatic rapid passage), picosecond
pulse phenomena, dynamic spectroscopy, nonlinear optical effects, translient
stimulated scattering effects (Rayleigh and Raman) organic dye lasers, stable
Nd:Yag laser and most recently, coherent imaging optical radar techniques using
picosecond laser pulses. It is impossible in a reasonable amount of space to
review all of this work in detail. An indication of the scope of the effort is
provided by the list of 54 publications and major presentations that have resulted
from this work (Appendix I). This report will discuss in detail only the most
recent portion of the work involving coherent imaging optical radars. The reader
is referred to previous reports in this series for a detailed discussion of earlier
work on this contract. During the course of this contract, the contributors have
been, in alphabetical order, M. J. Brienza, A. R. Clobes, A. J. DeMaria, C. M. Ferrar.
W. H. Glenn, G. L. Lamb, Jr., M. E. Mack, E. B. Treacy and D. A. Stetser.

The most recent portion of the work in this contract has been an investiration
of the application of picosecond optical pulses to imaging optical radars.

Microwave synthetic aperture radars (SAR) achieve spatial resolution that is much
better than that determined by the diffraction limit of the transmitted beam. This
is accomplished by range-doppler processing of the received signal; the technique ic
useful whenever there is relative motion between the transmitter and the target.

An SAR uses a wide bandwidth transmitted signal to achieve downrange resolution

and doppler processing to achieve crossrange resolution. This technique can be
aprlied to an optical radar. The higher carrier frequency allows much better
doppler resolution and the wider bandwidth available allows rmuch better time
resolution. Lasers are available to generate sub-picosecond pulsec; a one pico=-
second pulse corresponds to a range resolution of ,015 em so that the use of such
pulses in a range-doppler system is potentially capable of producing images of
rhotographic quality at a range that is limited only by the available laser power.

Section 1 of this report reviews briefly the range-doppler processing scheme
and discusses an experiment in which a mode-locked Nd-Yag laser was used to obtain
a range doppler image of a small laboratory target with 1-2 cm resolution.

To apply microwave SAR technigues directly to an optical radar would require
an optical detector and subsequent signal processing electronics with a bandwidth
cogBarable to that of the received signal. This bandwidth could be as hirh as
107 Hz and is far beyond present capabilities. It is possible, however, by optical
preprocessing of the received signal prior to detection, to reduce the required
bandwidth by orders of magnitude. This is possible because the information band -
width of the signel is much less than the bandwidth require? for range resolution.
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Section 2 of this report describes such a system. It basically involves an
optical Fourier analysis of the received signal prior to detec‘ion. It is capable
of arbitrarily high time resolution (limited only by the laser) and does not require
fast detectors. It can also achieve optimum (quantum noise limited) detection
efficiency. An experimeut demonstrating the principle of this system is discussed.
This experiment demonstrated the ability of the system to resolve sub=nanosecond
signals with slow detectors and to present a time expanded version of the signal for
direct observation. The major importance of this result is that it is possible,
with slow datectors and electronics, to process an extremely fast optical signal
in an efficient way. The resolution of an optical SAR should thus be limited
only by the bandwidth and coherence of the laser and not by the response time of
the receiver.
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SECTION 1

IMAGING OPTICAL RADARS

This contract has been concerned with the application of extremely short dura-
tion optical pulses to imaging radars. The problem that has been considered is that
of imaging a target whose size and distance is such that it cannot be resolved by
conventional optical imaging. If there is relative motion between the target and
the radar transmitter, range-doppler processing of the received signal may be used
to generate a two dimensional image of the target. The situation is illustrated
schematically in Figure la. The target is taken to be a collection of scattering
centers that are votating as a rigid body about an axis of rotation. If the received
energy is analyzed in time and frequency, a range-doppler image of the target may be
constructed as shown in Figure 1lb. The contours of constant range are lines perpen-
dicular to the line-of-sight between the transmitter and the target, while the con-
tours of constant doppler shift are parallel to the line of sight. Together, they
impose a coordinate system on the target which is used to generate the image. In
this simplified case, the image looks exactly like the target. For more complicated,
taree dimensional targets, the situation is more complicated, but the range-doppler
image still gives the projection of the target on the down-range and cross-range
directions.

The resolution in the down-range direction is determined by the time resolution.
of the radar; i.e., by the reciprocal of the bandwidth of the transmitted waveform.

If the bandwidth is B, then

(©

ax = 33

The resolution in the cross range direction depends on how well the doppler frequencies
can be resolved. The doppler shift for a scatterer located at position y is

where Q) is the rotation rate and w is tue optical frequency. If the target is observed
for a time T, then the minimum resolvable doppler shift is Sw=x 2m/t. We have then

2w Ay > 2n
€ t

2me  _ A

&y > Zont 210
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where 6 =Qt is the angle through which the target has turned in the time T. Both
Ax and Ay are independent of the range of the target in contrast to the resolution
of a conventional imaging system where the minimum resolvable element size increases
linearly with range. The magnitude of the doppler shift is

wd = )-}TT“)_Q
>,
For a target size of 1 meter
Wy = hm x lO6Q at A = 1.06
=47 x10°Q at \ = 10.6 .

Laser bandwidthsaf ~ 1 GH, are presently available in COp lasers at 10.6u, and
it is expected that much larger bandwidths will be available in the future. Neodymiunm-
YAG lasz2rs have bandwidths that could give time resolutions of ~ 50 psec. A time
resolution of 100 psec corresponds to a range resolution of 1.5 cm, and 1 psec te
0.0l5 cm. Optical radars are thus potentially capable of extremely high spatial
resolution. 1In order to take advantage of this very high resolution, means for pro-
cessing extremely fast optical transients must be developed. Most of the effort on
this contract has been concerned with this problem. Although the bandwidth of the
transmitted signal is necessarily very large if high resolution is desired, the actual
information rate is not, The information desired from the received signal is an imafre
of the target. If we assume that we want an image with 100 resolvable elements, each
with a 10 bit gray scale and that we obtain the image in 1 millisecond, then the actual
information rate is ~ 10° bits/sec. This is far less than the bandwidth of the trans-
mitted waveform which could be 1012 Hz or higher. This observation leads to the con-
clusion that with proper signal processing, the desired image could be obtained with
a relatively slovw detection system.

A variety of waveforms could be used to obtain an image of the target. As
mentioned above, the down range resolution is determined by the reciprocal of the
bandwidth B of the signal and the cross range resolution by the total duration T
of the signal. The "average resolution" can be taken as

(Axby)E ~ (pr)°%

so that all signals with the same time-bandwidth product are squivalent as far as
resolution. One possibility is to use a periodic train of short pulses that can be
obtained conveniently from a mode-locked laser. This situation is illustrated in
Figure 2a. The time between the pulses, if derived from a mode-locked laser, would
typically be a few nanoseconds. The received signal will consist of a quasi-periodi
train of longer duration pulses as shown in Figure 2b. Each of these pulses is a
narrow band signal in times of the optical center frequency, 2nd can be described ir
terms of an envelope f(t) and an instantaneous phase §(t). Adjacent received pulser

P, W S .
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are nearly identical but there is a slow variation of f and ¢ that occurs over a
time corresponding to the reciprocal of the doppler spread. The corresponding fre-
quency domain description of the transmitted and received signals is shown in Fig-
ure 3.

One way of processing this signal is to range gate it and measure the amplitude
and phase within each range element, Frequency analysis of the amplitude and phase
within each range element gives the doppler spectrum within that range element. Mea-
surements on each range element may then be used to construct the range-doppler
image of the target. The signal could be processed by the scheme shown in Figure ha,
The signal is heterodyned against a local oscillator, detected, and range gated. If
the local oscillator is at the same center frequency as the signal, a quadrature
channel with the local oscillator shifted by A/k is also needed. If there is a fre-
quency offset, this is not necessary. For a stationary target, the output of each
range element will vary at the offset frequency and will be prcportional to the sig-
nal received in that range element. If the target is rotating, the doppler spectrum
from each range element will be superimposed on the signal. In this system, the
detectors and the range gating electronics must be sufficiently fast to accommodate
the desired time resolution of the received signal.

An alternate scheme is shown in Figure Lb. Here the signal is heterodyned
against a mode-locked local oscillator which may be derived from a frequency shifted
version of the transmitted signal. Heterodyning only occurs when the pulsed local
oscillator is present so that the local oscillator provides the necessary range
gating. Different optical propagation paths may be used to shift the position of
the range gate as shown. This system does not require fasi detectors. The time
resolution is determined by the duration of the local oscillator pulse. The detector-
need only respond to the if frequency.

An experiment was carried out to demonstrate this type of imaging. The experi-
ment is shown schematically in Figure 5. The source used was a 2w mode locked
neodymium-YAG laser that emitted pulses of ~ 100 psec. duration and with a separation
of ~ 3 nsec. The beam was expanded to a diameter of ~ 6 cm. and illuminated the
target. The polarized component of the return signal was reflected from the Glan-
Thompson prism and was shifted in freguency by 40 MHz by an acoustic modulator. It
was then heterodyned against a local osc'llator derived from the transmit-.ed beam
as shown.

The target consisted of a bar holding two retroreflectors that were separated
by a distance of 3.5 cm., The target was rotated at 0.5 rps about a horizontal axis.
The sweep of the spectrum analyzer was initiated when the bar was at 45% with the
upper half receding from the transmitier, and was completed before the target had
rotated appreciably. The target was slowly scanned in range, and a spectrum was
taken at corresponding points in each revolution. This slow scan in range allowed
the various range elements of the signal to be measured sequentially and eliminated

’!
i
4
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the need for the parallel channels. The resulting signal was displayed on a storage
scope. The horizontal position of the beam was scanned in synchronism with the
spectrum analyzer sweep and the vertical position was scanned along with the target
motion. The output of the spectrum analyzer modulated the beam intensity. This
arrangement produced a range-doppler image directly. Such an image is shown in
Figure 6. The upper portion shows the results with the laser operating ou a single
mode (no range resolution) and the lower portion shows the results with the laser
node-locked. The excellent spatia’ resolution (~ 2 cm) is evident.

Although this type of signal processing is capable of excellent time resolution,
it is inefficient in the use of ~he received signal energy. Even for the case shown
in Figure Wb, where parallel range camples are taken, much of the signal is wasted
due to the fact that it must be split among the separate channels for each range
element. This is a fundamental problem in any time sampling system. Efficient use
of the signal would require some kind of a fast switch or beam deflector to switch
the various range elements of the signal to difrerent detectors or it would require
a fast detector capable of resolving the time variation of the received signal. As
has been mentioned above, the actual information rate of the signal is relatively
low so there should exist techniques to process the signals that do not require wide
bandwidths. One method is sampLing in the frequency domain rather than in the time
domain. This type of processing 1is discussed in detail in the next section. Its
success arises from the fact that it is possible to spatially separate the frequency
components of an optical signal with a passive device, a spectrometer.
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SECTION 2

i FREQUENCY DOMAIN SAMPLING

[ 2.1 Analysis

We will first consider the application of frequency domain sampling to
the measurement of a repetitive train of extremely fast optical signals. The
signal can be represented as a Fourier series

n=>N
s(t) = E Sn cos [(‘”o +nQ )t + (pn]
n=>N
2.1
s(t) cos (wot + 8(t) -T/2£0£7/2
i am
repeats every T = o

The quantities that are to be measured are s(t), the instantaneous
amplitude, and $(t), the phase of the signal. It will be assumed throughout
that the signal is narrow band in terms of the optical center trequency Wos
although it may be very wide band in terms of detector capabilities. The
Fourier coefficients are given by

T/2

-1/? [ s(t) sin O1Qt = é(t)) dt
-7/2
T/2

+1/T f s(t) cos (th - é(t)) it
-T/2

Sn sin o¢p
2.2

Sn cos @,

n

The general form of the signal processor is shown in Figure 7. The
signal is first combined on a beam splitter with a reference waveform. This
: waveform will be denoted by

n=N

. F R(t) ;N r  cos [(wo+wl+n0)t+0n]

¢ r(t) cos [(wo +w) t o+ e(t)l -T/24£0£T/2

2.3

repeats every T = 27/Q
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This reference waveform is periodic with the same period as the original
signal, but its optical center frequency is shifted by an amount wy. It is
1 assumed that WLL O LLuwgy. The composite signal leaving the beam splitter is

|' n = 4N
c(t) = E (Sn cos [(wo +nQ )t + cpnl + 2.4
n = =N

r cos [(wo +® +nQ)t +z9n)])
The spectrum of this signal is shown schematically in Figure 7. This signal

is then passed through a bank of narrow band optical filters. These filters

are centered on the lines of the spectrum of C(t). (The lines are actually
doublets as shown in Figure 7 , but the spacing of the doublet is small by
assumption). The filters will all be assumed to be identical. The transmission
of the m th filter for the n th spectral line will be denoted by T, () e 1V m,n),
Since the filters are identical, the transmission of a given line depends only

on its displacement from the center frequency of the filter so that the trans-
mission may be written

i =
T (m-n) e Vet
The cutput of the m th filter is given by

F. = Y T(m-n) {Sn cos [(wo +nQ)t +@, +y (n-m)]

2.5
+ r, cos [(wo +w) +nQ)t +9, +y§ (n-m)]
Each of these outputs is the square law detected to give a signal
G, =X Y Tlo-m) T (n'-m) {Sn cos [(wo +nQ)t +op+ w(n-m)]
n n'
+ T Cos l(wo +w +nQ)t+d, 4+ w(n-m)]}.
{Sn' cos [(wo +n'Q) 4+ oy + y(n' -m)] 2.6

+ ry cos [(wo +wp +n Q) t o+ O + (0 -m)]}

The detectors do not respond at the optical frequency so that only the difference
terms 11 the products of cosines are significant. This gives
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=3 e Flm) T(n'-n) { SoSn’ cos [(n-n') 0t + gy’ + ¥(n-m) -¥(n-m)

+ rprpt COS [(n-n')Qt + 9, - 90 + ¥(n-n) - w(n'-m)l

, 2.7
F + S,rp' cos [(n-n')Qt-wlt + @, - O + ¥(n'-m) - d;(n-m)]
+ Sp1ry cOS [(n-n')ﬂt + w1t - @y + Iy + Y(n-m) - ¢(n'-m)]
Each of these signals is now filtered with a narrowband electrical filter
centered at w, . This eliminates all terms in the above expression except
those for which n' = n., The resulting signal is
2
H = Y. T(n-m)” Sprp cos (Wt -9, +9,) 2.8

n

Here the rhase factor of the optical filters has dropped out. Each of these
outputs i: now multiplia1 by cos (w2 + mfo )t where w, and (p are chosen at
will (but with QQZAwe). They are th=n summed to give

1 2
W(t) = 3 Zn Zm T(n-m) 8 i {cos [(wl + Wy + MQo )t - @ + 9y

2.9
+ Cos [(wg -wy + MOt +o, - ’sn]}

This may be written in a more convenient form by letting p = n-m and eliminating
m. The result is

W(t) =% (E T(p)2 cos pﬂgt)(z Spr,, cos [(wl + W, np )t - @ + ’9n])
P n
+ % (ET (p)2 sin pf, t)(z Spr, sin [(wl +w, +nQy)t-g + gn])
P n
. +% (ZT (P)2 cos pﬂet)(zn Spry, cos [(u)2 '.“’l +nQy)t + ‘%"’n])
i, +% (ET(D)Q sin 902 t)(z Snrn sia [(w2 - W + nQe)t + cpn L 0n])

2.10

We now consider some special cases. If the filters are sufficiently narrow
that they only pass one spectral line, then T(p) = 8(p) and
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n CO8 [(wl+w2 +nlp) t - @, +0n]

2.1d
L3 r  cos [(wl +w, +nQp) t +9, - on]

Suppose now that the reference waveform consists of a train of extremely short
pulses. In this case r_ is essentially constant and 4, = O. We have then

n
1
W(t)~ = LS, cos [(wl +w, + nQs) t - cpn]
2.12
+-l- £8  cos [(w - w, +nQ )t+cp]
2 “"n 1”2 2 n
Reference to E3. 2,1 will show that
W(E) =% S(rt) cos [l +wy) t - ¥ (-at)
2 il 2
1 3 h
. S(a t) cos [(wl - wz) t + ¢ (at)] 2443

"

We () +W_ (%)

for -Tp/2£04LT,/2

repeating with periol T, = 21/

Q

2
and witha = a

The second term is this an exact replica of the original optical signal but
with a time scale that has been stretched by a factor Q/0,. The center fre-
quency of the signal has also been changed from the opti~al “requency Wy to

an r.i. frequency W) - W The first term is a time reversed version of the
optical signal, stretched in time, and with a center frequency w; + w,. The
signal processor has extracted the amplitude and phase of each of the compo-
nets of the line spectrum of the original optical signal ard has imposed them
on a line spectrum at un r.f. frequency. This synthesizes the original si,'nal.
The signal and its time reversed version may be readily separated by the proper
choice of Wy and wo together with frequen:y filtering.

Tet us now consider the more general casc vhare ke and ¥, are arbitrary.
The component at Wy - Wy is

1
W(t) = LSpry cos [(wl - Wyt nQlp) t +@, - 9, 2.1L
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The cross correlation of the signals s(t) and r(t) is

T/2
i) S(t)R(t-T)at =
-T/2

-3

gsnrn cos [(wo +nQ) T +q9, -9 2,15

n

T': function W (t) may Le seen to te a repetitive time display of the cross
correlatln1 “unction. The function W,(t) is just a time reversed version of
this signal. 1In the case where S(t) and R(t) are identical, the processor
gives the autccorrelat..n function as a function of time; i.e., it behaves
as « matched filter. 1In the case where 3(t) is a train of pulses of finite
duration pulses rather than extremely narrow pulses, the original signal is
recelved with a degraded time resolution given by the duration of Lhe pulses
2oustituting R(t).

We may now return to the more general case given in Eq. 2.10. Let

2
Ep T(p)~ cos pllot

Z T(p)2 sin pQot

T, (t)
T_(t) 2.16

We note that if the banipass of the optical filters are symmetri.; i.e., if
|T(p)| = |Tép)|, then Tq(t) = 0.

G(t)

T s,r, cos [(wl +w, + np ) t -9, +9,

g(t) cos [(w +w) t +y (t)] 5.17

(periodic at T, = 2n/Q5)
For a narrowband waveform, it will be true that

Z Syrn sin [(“’1. +wy, +nQ)t-q, + 0n] = g(t) sin [(wl +wp)t

+Y(t)] 2.18

So that we have for the w, + w,, component of Eq. 2.10

Wy = T(t) g(t) -os [(ml + ) t +Y(t)] + T (t)g(t) sin {(wl +w)t

+Y(t)] 2.19
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A similar expression holds for W_.. The shape of the filter trausmission func-
tion multiplies the output of the system by a known function of time. The
result that would be obtained with very narrow filters can be computed from the
result ob:iined from wider filters. Alternately, the filter functions could be
chosen to perform additionil signal processing operations,

The entire discussion above has assumed that the pulse train is
strictly periodic. If the signal is a return from a moving target, it
will not be periodic but will change gradually with a time characteristic
of the reciprocal of the doppler spread. If the scaling in time is chosen
so that the new, expanded repetition period is less than the reciprocal of
the doppler spread, then the reconstructed sivnal will faithfully follow
the variations of the original signal due to the dappler spread.

The entire discussion above has been con’erned with repetitive signals.

[ The frequency domain sampling technique is not restricted to this case. It

[ may be applied to the measurement of & single optical transient. The processing
{s somewhat more complicated in this case because it orresponds to heterodyning

l with zero difference freguency and care must be taken to avoid spectral over-

lapping. A system to perform this measurement is 1llustrated schematically in

Figure 9. We assume again a signal and a reference

[ e*t 5(w)dw

9o

s(t) = T%ﬁ)

1 iwt =0
R(t) = -(F)"lf F e r(w) dw

The signals are combined on a beamsyplitter to produze a composite spectrum

a(w) = s(w) *+ r(w) 2.2

The two signs are obtained from opposite sides of the beamsplitter. The com-
posite signal is then passed through a fil-er bank. At the output of =arh
©i{lter a s'‘gnal

'yn*l(w) = R (s(w) + r(w)) T, (w) 2.22

is obtained. This is square law detected and integrated over time to obtain

(@]
1}

[ 5% \stw) # r@)? |1, )% 2.23

IT@ {\s(w)\z + Re (r(w)s*(w)) + \r(w)\z} Tn(w) aw

12

e e L e
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The difference between the plus and minus signals is then taken to give

u = 2 J‘: Re (r(w)s*(w)) T (w) dw

If the filters are =xtremely narrow, Th(w) ~ 6(w—wm) and

U = @ Re(r(wm) s*(wm)) =

If the same operation is repeated with the reference wave shifted by A/4, the
output

* .
U = 21In (r(wm) s '\wm)) 2.26
>
will be obtained. We thus obtain a sampled version of r(w) § (w). This

quantity is the Fourier Transform of the cross correlation function; i.e.

IS Be) 8 (ea) et = T o™ ooy ™) 00 3 57

. . }

These parallel outputs may be uced to re:zsnstrist the signal at any desired
trequency anl repetition rate in a manner identical to the previuvis 1-scussion.
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2.2

Discus<ion and Experimental Implementation

The analysis of the previous section described the operation ot the tre-
quency sampler in the time domain. Figure 8 shows the situation in Lhe tre-
quency domain, and illustrates why the turn frequency domain sanpling has been
usel., The various components of the line spectra of R(t) pass throush the
filters, are isolated, and are distributed to separate detectors. It an
appropriate local oscillator wecre avallable at each detector, the amplitude
and rhase of each of the comyoun: ts could be measured. This woild completely
charicterize the signal. Just such a set of local oscillators can be obta' ed
by filtering a periodic train of short pulses through the same filter bank as
the signal. Each channel can be operated in the quantum noise limited regin-,
and all of the er rgy receivel in each channel is used.

An alternate way of looking at the operation of the system is to consider
the re:ponse o one of the narro« band filters to a short optical pulse, The
output of the filter has a duration corresponding to ‘vhe reciprocal of the
oandwidth of the filter. This should be made comparable to the diration
the signal that is to be measured. The reference signal can thus hete-odyne
with the signzl over its entire duration. Th- precise detail: u” the resil iy
gignal are .-..en above.

We may now consider means of implementing such a dete-~tion system. One

of the firsl considerations is the resolving power juired of the f'ilter:,
Let us assume that the line shape of the filter is

€in ap
T = 2
(p) ap )
where the first zeros occur at ap = = 1. The modulatine fun-tions are
Ts(t) =0
p =B
o ? 0 (‘-’."‘ﬂ)
Tc(t) = E #__?f. cos pilst
b &L a p)e

This is a periodic function with period T, = 2m Q. We may rewrite this in
the form

Z siu~@p cos pQpt (2.30
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For values of o <7 this simply represents a triangular pulse extending from

= a/f) <t < d/f2 as shown in Figure 10. When o = n the pulse extends over
the entire interval - T/2 < t < Tp/2, For larger values of o, the base line
lifts as shown in the figure. For the particular values @ = RN , the function
To(t) = L. The reason for this is shown in Figure 10. Although the filter
has finite transmission off its center frequency, its transmission for the
lines of the spectrum of S(t) is zero except for the line on center.

For ease in data interpretation, the filters should be made quite narrow
(or they should satisfy the condition illustrated in Figure 1l). They should
not, however, be made so narrow that they are capable of resclving the if fre-
quency, since this will pervent the heterodyning of the signal and the refer-
ence waveforms. The bandwidth Aw of the filters should be in the range
wif <Aw<3. For a typical mode locked laser, Q/on~ 3 x 10° Hz, at a
wavelength of 1.06 u, wg/on= 3 x 1014 4z, This corresponds to a resolving
povwer of wo/Aw'~ 106. This resolving power is easily obtainable with a Fabey-
‘ Perct etaloa. It can ue obtained with more difficulty with a grating, a large
grating, possibly with several passes would be required. The grating approach,
E | however, has several advantages which will be discussed later.

The number of filters required is determined by the desired time resolu-
tion (which is ultimately determined by the bandwidth of the reference signal).
Figure 12 shows the response of the system to an amplitude step for a filter
bank employing 5, 1l and 21 filters. Figure 13 shows the amplitude and phase
of the response of the system to a pulse of constant amplitude and linearly
increasing phase (a frequency offset) for a filter bank with 11 components,
and Figure 1L for one with 21 components. Figure 15 shows the response to a
chirped pulse for 1l and 21 components. These responses were computed by cal-
culating the Fourier coefficients of the applied waveform, truncating them ;
at the desired number of components and then reconstructing the series with
the truncated set of coefficients,

. The problems involved in the experimental demonstration of the frequency
| domain sampling technique are:

1. attainment of sufficient resolving power in the optical filter bank
2. simaltaneous detection of the signals from each of the filters

3. modulation of the output of each detector by the appropriate
modulation waveform

L, recombination of the modulated outputs to regenerate the time-
scaled version of the original signal.
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The first of these requirements determines the type of spectrometer
that is required. The spectrometer must have:

1. a resolving power of the order of 106
2. high throughput

3. produce an output of all the frequency components of the incident
beam simultaneously.

A Fabry Perot etalon can satisfy the first two of these requirements readily.
It does not, however, satisfy the third. When a Fabry Perot etalon is operated
with a collimated input beam, it acts as an optical band pass; l.e., T passes
the wavelength to which it tuned, with high transmission, and it reflects all
the other wavelengths with low loss. If it is operated with an input beam from
an extended source or one with more divergence than the diffraction limit of
its anerture, then it acts as a spectrometer and produces the characteristic
circular fringe pattern. This, however, entails a loss of signal power. A
plane Fabry Perot basically provides a transmission that depends on the angle
of propagation of the beam with respect to the normal to the reflectors. It
has a high throughput for components at the proper frequency and angle. The
best that can be done is to arrange the divergence of the input beam so that
only one free spectral range is illuminated. The total pover transmitted in
a given ring is then given by the total power incident at the frequency corre-
sponding to the ring divided by the finesse of the interferometer.

The ease with which & high resolving power can be obtained with a Fabry
Perot etalon makes it attractive, however, and it will be used for a demonstra-
tion of the frequency domain sampling technique.

The most convenient form of spectrometer for use in the system is a
grating. Grating can have a high throughput and produce a spatially disfused
output at all frequencies simultaneously. The main problem is that of ob-
taining sufficient resolution. Conventional gratings are limited to a resolu-
tion of the order of 500,000. Echelle gratings are capable of resolutions in
the range of 500,000 to 2,000,000. For any type of multiple beam dispersive
device, the resolution will be determined by the iifference in transit time
between the shortest and the longest path in the device; i.e.,

1
AT ~ K;
ani
f
R==—=1fA" (2.31)

AT

.

1
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For a grating used in a Littrow arrangement as shown in Figure 13,

2 Wsinao
AT = ————
(e}
and
2
R =T sin o (2-32)

mchelle gratings are typically operated with a diffraction angle & ~'65° S0
that sino =~ 0.9. Thus to achieve a resolution of 106 at a wavelength of
1 micron, a greiing of width

W o e 55 G (2.33)

2 sin o

is required. This is an impractically large size for a single grating. The
required resolution may be obtained by multiple diffractions. Two-pass and
four-pass 1nstruments have been fabricated and operated successfully. For a
four-pass instrument the grating width is reduced to 1k cm, a size that is
commerically obtainable at reasonable cost.

The required resc’ution for the frequency domain sampl.ng system is
obtainable easily wilu a Fabry Perot filter and with more Aifficulty with
an echelle grating. We must now turn to the problem of pertorming the required
signal processing after the dispersion is obtained. One means of performing
this would be to implement the system exactly as shown in Figure 7. The out-
put of the gra®ing could be imaged upon a close packed array of detectors,
one for each resoluable frequency element, The output of each detector could
then be modulated in an electronic mixer with the appropriate modulation fre-
quency and the results summed electronically to yield the desired output.
There is no fundamental objection to this approach except for the difficulty
involved in maintaining balance among all the separate chamnels and the large
number of separate electronic channels that are neeced.

Fortunately, the entire signal processing operation after dispersion can
be conveniently and simply accomplished by a parelliel optical processor. We
consider analternate form of the signal processes as shown in Fig. 17. In this I
form the modulators operate on the optical signals prior to detection. Both i
the signal and the reference are modulated. If the modulating function is 4
fm(t), then the quantity anof Eq. (2.8) becomes

Hm' = Hmfr@(t). (2.34)

L
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After modulation, the signals are all brought together on a common detector.
The resulting output is

w'(t) = %g ©(n - m)° sry cos (wt - 9, + Ip) fme(t). (2.35)
If we take

f,(t) = cos 3w + mb)t, (2.36)

then,

(1 + cos (wp + mp)t]. (2.37)

o~

gnz(t) = cos® Sw + M)t =

The components of ¥W'(t) at w, = w + m{ are identical to those of W(t) of

Eq. (2.10). There is an additional component at wj, however, this may be
removed by electrical filtering. One need only choose Wwp, m and (! so that
these components do not overlap. This form of the signal processor is attrac-
tive becuase it eliminates the need for multiple detectors and allows the use
of a simple technique to perform all of the modulation operations in parallel.
This technique makes use of a special chopper in conjunction with a Fabry-Perot
interferometer. This technique has been used by Hirschberg, et at (Ref. 1)

a different purpose, a frequency multiplexed Fabry-Perot for investigation of
spectral line shapes. Although the Fabry-Perot is not the optimum dispersive
element, it was used for an experimental demonstration and the basic idea of
the technique can be extended to other dispersive devices.

The fringe pattern that would be obtained from a Fabry-Perot interferometer
that is illuminated by a line spectrum is shown in Fig. 18. (For clarity, only
four lines are shown, and in reality, each line would be in overlapping doublet
consisting of the signal and reference lines). The laser pattern of the figure
shows one free spectral range of the interferometer. We now want to modulate
each of the these rings with a different modulation frequency. This can be
accomplished by the so called multizone disk modulator (Ref. 1). The disk is
shown schematically in Fig. 19. It consists of a transparent substrate that
is divided into & number of annular zones. The mean radius of each zone is
centered on one of the rings that are observed in the focal plane of a Fabry-
Perot interferometer. Each zone is divided into an equal number of trans-
parent and opaque areas and the number of such areas increased as the radius of
the zone increases. Two such disks are placed in the plane of the Fabry-Perot

Ref. 1 J. G. Hirshberg, W. I. Fried, L. Hazelton, Jr. and A. Wouters Appl. Opt.
8, 1979 (1971)
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fringes and one is rotated with respect to the other. Each of the lines of the
spectrum is thus chapped at a different frequency determined by the number of
"teeth" in the zone on which it falls and the rotation rate. This modulator
performs very nearly the required operation. The modulating functions are
triangular waves rather than square waves, but if we arrange the lowest modu-
lating frequency to the breater than % of the highest frequency, then all the

higher harmonics of the modulation waveform can be filtered out electrically.

The multiplexing scheme used with the Fabry-Perot can be applied to other
types of dispersive elements such as an echelle grating. A possible arrange-
ment is shown in Fig. 20. The output of the grating is focused in the direc-
tion normal to the dispersion by a cylindrical lens. This line is then scanned
by a beam deflector across a mesh whose transparency is shown schematically in
the figure. The signal transmitted through the mask is then focused into a
detector. In addition to eliminating the inefficiency associated with the
Fabry-Perot, this scheme is capable of modulating at much higher frequencies.
The modulation frequency is limited only by the speed of the beam deflector
which may be mechanical, electrooptical or acousto-optical.

A multizone disc has been fabricated for use with a Fabry-Perot interfer-
ometer. It is illustrated in Fig. 21. It consists of 50 annular zones of
equal area. The innermost zone has 50 light and 50 dark areas. The number
of transparent and opaque areas increases by one with each zone out to the
outermost zone which has 99. This disk was drawn on a large numerically
controlled drafting machine at 25 times final size. The pattrrn was then
photographically reduced onto 2 glass disk having the dimensions indicated on
the figure. When driven with a 40O Hz synchronous motor, the disk provides a
comb of modulation frequencies that range from 20 to L0 kHz in steps of 400 Hz.
A stationary disk was mounted in close proximity to the rotating disk and was
provided with an x-y pace timing adjustment. Centerinc of the disks relative
to one another was accomplished by projecting a beam of lirht through the
disks and observings the Moire pattern proin-~ed on a screen. When the disks
are centered, the pattern consists of circular rines that expand or contract
symmetrically as the disks ere slowly rotated. The centerine of the rotatine
disk on the driving shaft was done under 2 nmicrescope.

The radii of the zones on the disk were chosen to correspond to equally

spaced frequency increments on a Fabry-Perot interference pattern. The condi-
tion for a maximum in the transmission o a Fabry-Perot of spacing d is

mA = 24 cos © (2.38)
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where m is the order of interference on the axis. If we have a maximum on the
axis, then the next maximum will occur at

(m- 1)\ = 24 cos 6 (2.39)

or
8 2
(Jﬁ) = 1 - cos el ~ 1 - ( - .l_)
2d

912
2

(2.40)

For the present case, it was more convenient to have a dark fringe in the
center. This condition corresponds to

(m+ )N = 2dcos 8 = 24 . (2.41)
The first maximum will occur when
mh = 24 cos 6 (2.h2)
and the next maximum when
(m - 1)A = 24 cos 6. (2.43)
This g.ves
i % = 1-cos8 = f%i
(%) = o (2.11)

and for the next maximum
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A 822
- = 1 = o ==
3/4 - cos 9 5
N 2 .
_2d = 92 = 3 el (c.#‘j)
6,2 = /3 §°.

This relation determines the ratio between the angles corresponding to one

free spectral range of the interferometer. In the experiment, a spacing of 0.5
cm was used, corresponding to a free spectral range of 30 GHz. This then de-
termines

. 5
82 ~ 107" I WL e
& :
& = 10 (2.46)
6, = 1.732 e
2 = 0731_ X lo .

The radius of the rings in the Fabry-Perot pattern will be given by M where
F is the focal length of the lens used to image the rings in the focal plane.
For a 1 m focal length, this determines R} = 1 cm and Rp = 1.732 cm. These
were the dimensions that were chosen for the inner and outer radii of the
multizone disc modulator. Differentiating the formula,

m = el f cos 8. (2.4%7)
c
We find
sin 8
df = o5 548 =~ sin 6 as. (2.48)

So that if we obserre che interference rings at the focal plane of a lens of
length F, the range of frequencies falling in an area

dA = rdr = F2 sin ® d8 = Fedf
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i.e., annular rings of equal area correspond to equal frequency intervals.
The multizone disk was divided into 50 annular rings of equal area. The
inner radius and outer radius of the nth ring are given by

&
= [1 +0.0k(n -~ 1)12 cm

r.
inner
1
= il 2 2.1hg’
Toater [1 +0.04(n)] (2.19)
2 ) - 2
TS - meS = 0.04 1 em

Each ring of the modulator thus corresponded to a frequency increment of 30
GHz/50 = 600 Miz. In order to match up the line spectrum of the laser with
the disk, the laser should then be operated at a mode spacing frequency of
600 Miz. It was found, however, that deviations from this condition did not
seriously degrade the operation of the system.

The multizone disk modulator was used to demonstrate the operation of the
frequency domain signal processor. The complete arrangement is shown in Figs.
22 and 23. Figure 22 shows the optical layout. The beam emerges from the
laser, and a small portion is split off to serve as a local oscillator. The
remainder is sent to the target and, on its return, is shifted by 40 MHz by
an acousto-optic modulator. It is combined with the local oscillator on a
team splitter. The output from one side of the beam splitter is sent to an
auxiliary detector to allow wavefront alignment prior to further processing
of the signal. This is most conveniently done by operating the laser in a
single, or at most a few longitudinal modes. This ¢an be done by turning off
the mode-locking modulator and placing an etalon in the cavity. The aligned
signal and local oscillator beams are then passed through a diverging lens to
allow the illumination of approximately one free spectral range of the inter-
ference pattern. A cylindrical lens was used rathor than a spherical lens
since it allows more of the signal to be used. The cylindrical lens illuminates
a stripe across the pattern rather than the entire rine pattern. The beams
then passed throusrh an ancsular and translational alisnment element to allow
optimum positioning of the beams. They then passed into a hifh resolution
Fabry-Perot interfercemter. The unit used was a Burleigh Model RCLO. It had
a mirror figure of 1/200 and a mirror reflectivity of Ry = Ry, = 98.5%. The :
osutput from the interferometer was then rfocused by a 1 m lens in the multizone ¥
disk modulator. Care was taken to center the rin~ pattern (produced with a
spherical diverging lens) on the multizone dis}t. After modulation, the sipgnal
was collected and focused into a PIN diode detector (EG&G YAG 100) which was
connected to a low noise preamplifier tuned to 4O MHz.
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The electrical circuit for the system is shown in Fig. 23. A 4O Miz
oscillator is used to drive the acousto-optic modulator. A portion of this
signal, with variable amplitude and 27 phase control is added to the output of
the PIN diode to cancel any feedthrough of the 4O Miz signal. (Feedthrough is
virtually impossible to eliminate, but may be easily cancelled as was done
herza. The presence of a large feedthrough signal can result in saturation of
other elements in the circuit). The resulting sipnal, may then be displayed
on a spectrum analyzer. The signal at this point consists of a component at
4O MHz corresponding to the dc component of the triangular waveforms from the
multizone disk modulator, a band of components at 40.020 to 40.04O Mz corres-
ponding to the w, + wy components of Eq. (2.10) and a band of components at
39.060 to 39.080 corresponding to the wp - w; components of Eq. (2.10). This
signal is then sent to a radio receiver which can be tuned to either of the
sideband components. The output is taken from the final IF frequency at 80
KHz. This signal is then displayed on an oscilloscope. A synchronizing signal
is taken from the oscillator that drives the multizone disk modulator so that
the sweep of the scope is synchronized to the LOO Hz fundamental repetition
rate of the modulator.

Experimental Results

The system described above performed extremely well and has demonstrated
all of the features of the freguency domain processor. In the test to be des-
cribeu nere, & plane mirror was used as the target. The upper pattern of
Fig. 24 shows the spectrum of the transmitted signal as measured with an auxil-
iary scanning Fabry-Perot with a free spectral range of 8 GHz. The lower
portion shows the reconstructed waveform that was obtained from the system.

The interpulse spacing has been expanded in time to 2.5 u3ec from ~ 2 nsec.

By varying the amplitude of the mode-locking modulator drive on the laser,
the oscillating line width of the laser could be varied and the corresponding
variation in the reconstructed pulse width could be observed. This is illus-
trated dramatically in Fig. 25. The upper portion of the figure shows the
transmitted spectrum. In this case the bandwidth of the laser was rest ~ted
to 2-3 modes by an etalon. The lower portion shows the reconstructed pulse
train. The narrow pulses of Fig. oli have been broadened to a nearly sinusoidal
modulation by the reduction inthe laser bandwidth. A similar effect may be
produced by masking off portions of the fringe pattern that is incident on the
multizone disk modulator. This reduces the bandwidth of the reconstructed
waveform and results in a broadening of the pulses.
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Figures 26 to 28 show the time reversal feature of the frequncy domain
processor. The target used in this case was a pair of mirrors as shawn in
Fig. 26. The mirrors were slightly misaligned to prevent multiple reflections
so that the return consisted of two closely spaced pulses. Figure 27 shows
the reconstruction of the signal received from this target. The signal was
reconstructed using the lower sideband (39.060 - 39.080 Miz) of the received
sirnal. Blocking the second mirror pProduced the signal shown in the lower
portion of the figure. The second pulse of the pair in the upper portion of
the figure thus corresponds to the return from the most distant mirror. Using

the same target, the signal was reconstructed from the upper (40.020 - L40.0kO
i Miz) sideband of the detected signal (by retuning the radio). The results are
shown in Fig. 28. Blocking of the furthest mirror now eliminates the first of

] the pair of pulses, illustrating the time reversal discussed in the previous
section.

In most of the photographs a smaller pulse may be observed halfway between
the large pulses in the reconstructed pulse train. This pulse is not present
in the optical signal; it is an artifact of the reconstruction process. It
orises because the ring pattern from the Fabry-Perot is not precisely regis-
tered on the multizone disk and because the mode spacing of the laser was not
exactly equal to the design frequency spacing of the annular regions on the
multizone disk modulator (600 Miz). The laser was actually operated with a
mode spacing of approximately 475 Miz. This difference leads to a misregis-
tration of the modes on the disk and results in cross talk between adjacent
modes in the reconstructed signal. The muin effect of this is to produce
spurious signals at one half of the basic pulse spacing. The amplitude of this
spurious signal was sensitive to the alignment and finesse of the interferometer
and to small changes in the interierometer length. The spurious signals can
precumably be eliminated by more careful matching of the laser mode spacing and
th multisone 1isk modulator.
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