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(57) Pour effectuer simultanément plusieurs mesures
independantes du spectre de la lumicre réfléchie par une
cible, on éclaire cette cible avec un train d'impulsions
laser produisant un spectre de raies dans le signal
d'¢clairrage. On ¢tablit une dimension caractéristique de
l'ouverture de réception sur la base d'une longueur
d'onde d'cclairage, d'une dimension de la coupe
transversale de la région €clair¢e d'une cible et de I'écart
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(57) Multiple independent spectral measurements of light
reflected from a target are produced concurrently by
illuminating the target with a tramn of laser pulses
wherem the train of pulses produces a line spectrum
within the illuminating signal. A characteristic dimension
of recerving aperture 1s established based on 1lluminating
wavelength, a cross-sectional dimension of illuminated
region of a target, and the range between a target and the
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separant une cible et I'ouverture de réception ou le plan
de I''mage. La dimension caracteristique est constituce
par l'espacement des crétes d'un diagramme de
chatolement d'un plan d'image. Le chatoilement est
produit par une interférence destructive et constructive
d'ondes de lumicre cohérente refléchies par la cible.
L'utilisation de plusieurs télescopes de reéception
presentant ladite dimension caractéristique permet
d'obtenir des mesures 1ndépendantes realisces
simultanément par chaque télescope de reception. En
outre, pour produire un train d'impulsions de
rayonnement d'éclairage ou de lumiere, on utilise le laser
en modes bloques afin de synchroniser les composants
sinusoidaux a des fréquences de raies spectrales du train
d'impulsions, l'espacement des raies spectrales €tant au
moins une irequence de décorr¢lation. Le nombre de
raies spectrales emises dans chaque impulsion est €gal au
nombre de mesures 1ndeépendantes realisables
simultanément lors de la réception du train d'impulsions
réfléchi de lumiere. Dans une variante, au lieu de la raie
spectrale, la fréquence peut €tre balayée lincairement
pendant la duré¢e de I''mpulsion, de sorte que la largeur
de bande gencrale de la fréquence est €gale a la largeur
de bande englobée par le spectre de raies d'une
impulsion.
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recerving aperture or image plane. The characteristic
dimension 1s the spacing of peaks 1 a speckle pattern of
an 1mage plane. The speckle results from destructive and
constructive interference of coherent light waves
reflected from the target. The use of multiple recerving
telescopes having the characteristic dimension, allows
for mmdependent measurements concurrently by each of
the receiving telescopes. In addition, the generation of a
train of pulses of i1lluminating radiation, or light, by laser
1s accomplished by mode-locked operation of the laser
for synchronization of sinusoidal components at line
frequencies of the pulse train spectrum, and wherein the
spacing of the spectral lines 1s at least a decorrelation
frequency. The number of spectral lines transmaitted
within each pulse equals the number of independent
measurements attamnable concurrently during reception
of the reflected pulse train of light. Alternatively, in lieu
of the line spectrum, the frequency may be swept linearly
during the duration of a pulse such that the overall
bandwidth of the frequency sweeping 1s equal to the
bandwidth encompassed by the line spectrum of a pulse.
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produced concurrently by illuminating the
target with a train of laser pulses wherein
the train of pulses produces a line spectrum
within the illominating signal. A character-
istic dimension of receiving aperture is es-
tablished based on illuminating wavelength,
a cross—sectional dimension of illuminated
region of a target, and the range between
a target and the receiving aperture or im-
age plane. The characteristic dimension is
the spacing of peaks in a speckle pattern
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of an image plane. The speckle results
from destructive and constructive interfer-
| ence of coherent light waves reflected from

the target. The use of multiple receiving
telescopes having the characteristic dimen-
sion, allows for independent measurements
! concurrently by each of the receiving tele-
scopes. In addition, the generation of a train
of pulses of illuminating radiation, or light,
| by laser is accomplished by mode—locked
operation of the laser for synchronization of
sinusoidal components at line frequencies of
the pulse train spectrum, and wherein the
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spacing of the spectral lines is at least a decorrelation frequency. The number of spectral lines transmitted within each pulse equals the
number of independent measurements attainable concurrently during reception of the reflected pulse train of light. Alternatively, in lieu

| of the line spectrum, the frequency may be swept linearly during the duration of a pulse such that the overall bandwidth of the frequency

sweeping is equal to the bandwidth encompassed by the line spectrum of a pulse.

|

Cn e g O A AL I SR - S AR I AP A e St et L et ey VR RS TS SO TI T e



10

15

20

235

30

WO 00/14513 PCT/US99/16303

TION

This 1invention relates to a measurement spectral characteristics by transmission of a
coherent beam of radiation, such as infrared radiation, through the atmosphere by use of a
signal having plural spectral lines spaced apart in frequency a sufficient distance to enable
concurrent independent measurements. The independent measurements may then be averaged
to reduce signal fluctuation arising from speckle, thereby to provide for increased precision of
the measurement of the spectral characteristics. Multiple receiving apertures, limited to the
size of a beam transmitting aperture, may be employed also for further reduction of the
speckle tluctuations by introducing further independent measurements which may be averaged
to provide a precise measurement of the spectral transmission characteristics.

Lasers are 1deally suited for making a class of long range measurements involving the
transmission of an optical beam from a source to a distant target, the scattering of the
illuminating radiation from the target, and the detection of the scattered energy by a receiver
(or multiple receiver's) coincident with or in the vicinity of the transmitter. Information is
obtained by measuring the return signal strength and other parameters, such as the round-trip
travel time, Doppler shift of the returned radiation, and polarization changes. The information
Includes target properties (size, distance, velocity, and range-resolved rotational velocity) as
well as properties of the medium through which the optical beam is traveling to and from the
target. Information pertaining to the target may be grouped under the general category of
laser radar (ladar) while the measurements pertaining to the optical medium are generally
grouped under remote sensing (lidar).

For example, with a ground-based source and airborne target, measurement of signal
strength yields information about a target's physical properties, measurement of the round-trip
travel time to and from the target provides the target’s range measurement, and the
determination of the frequency shift of the return radiation provides a direct measure of the
target's velocity relative to the source. This is the basis for an optical radar system.

If the 1lluminating source is airborne and the target is the ground, one may infer the
presence of absorbing atmospheric species along the optical path at the transmitted

wavelength by measuring the strength of the back-scattered signal. This is the essential

CA 02337497 2001-01-15
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technique for remote sensing of chemical species in the environment. Remote sensing of
airborne pollutants can be achieved by standard path-integrated or range-resolved differential
absorption measurements using pulsed laser sources. Path-integrated systems rely on
topographical returns of an echo signal, while range-resolved sensors use aerosol back-
scattering. A pollutant is identified from its spectrally resolved absorption signature. The
absorption measurements are generally performed in the infrared atmospheric windows (3-5
microns and 8-12 micron wavelength) although the techniques described below will provide
equivalent benefit in the visible and near infrared region (0.4 ~ 2.0 micron wavelength). The
measurements can be conducted using standard direct detection or, in the infrared region,
much more sensitive, coherent (heterodyne) detection.

The utility of both lidar and ladar measurements depends upon the capability to

operate at long range. At a given range, the signal-to-noise ratio determines overall system
parameters such as target size, reflectivity and surface quality and the system's transmitted

energy, transmitter and receiver aperture sizes, and detection sensitivity.

One strives to achieve single photon detection sensitivity to optimize system
performance. In the visible and near-infrared regions where thermal- noise sources produce
little competing signal, direct detection, which depends upon the return signal energy or
power and 1s proportional to the square of the return electric field amplitude, affords single
photon detection capability. In the longer wavelength, infrared region, where thermal
radiation-induced noise can mask the return signal strength, coherent detection, which
depends upon the amplitude of the return signal electric field and requires an additional
optical source to serve as a local oscillator, delivers single photon detection capability.
Although spectral operating range, hardware complexity and desired sensitivity dictate the
detection mode, both methods take advantage of the laser beam's high brightness and

directionalitv which is a result of the laser's beam spatial coherence.

Temporal coherence causes a problem for both detection modes by producing a
speckled pattern in the receiver plane as a result of interference among electric field
contributions scattered from a rough (diffuse) target surface. The surface may provide
specular or diffuse reflection of the illuminating radiation depending upon the scale size of the

surface roughness. When the scale size for surface irregularities is small compared to the

illuminating wavelength, the return is specular. For surface roughness scale sizes comparable

to or larger than the illuminating wavelength, the scattering is diffuse and speckle is produced.

CA 02337497 2001-01-15
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Speckle degrades system performance by adding a random, pulse-to-pulse fluctuation
to the return signal electric field. The fluctuation is a result of small changes in the optical
path length (comparable to the wavelength of the illuminating radiation). Such changes in the
optical path length may be produced by target or source motion, or by atmospheric
fluctuations appearing within the optical transmission path between successive pulses of the

laser radiation. The pulse-to-pulse speckle generated fluctuations increases the variance in the

return signal measurement which serves to decrease the effective signal-to-noise ratio and,

thereby, decrease the measurement precision.

For direct detection systems which measure the square of the return signal electric
field and are insensitive to its phase, speckle can be accommodated (and the resulting variance
reduced) by increasing the receiver aperture to collect a number of speckles simultaneously.
The resulting detector output represents an average over the individual speckle intensities and
more closely represents the mean power scattered from the target. This technique, however, is
not applicable to coherent detection since the output signal depends upon the electric
amplitude and phase. Well known analyses have shown that the variance in the coherently
detected signal does not diminish as the aperture size decreases. In the past, the lack of an
effective means of speckle-induced variance reduction have discouraged the use of coherent
detection and have made unavailable its significantly greater sensitivity in the infrared region
as compared to direct detection.

Systems employing coherent 1llumination and either direct or coherent detection
methods can offer the possibility of achieving the long ranges which are desirable in many
surveillance type functions providing that the aforementioned interference due to speckle can

be overcome. The invention below provides a method to reduce the speckle-induced

fluctuations for both detection modes.

Summary Of The Invention
The foregoing problem is overcome, in accordance with the invention, to provide
reduced variance in received laser signals in both of the foregoing ladar and lidar situations by
performing spectral measurements of airborne substances, such as pollutants, by use of laser
illumination of a target, either in a ladar or lidar system. Mitigation of speckle interference is

obtained by concurrent independent measurements of spectral characteristics with an

averaging of the independent measurements to reduce the random-speckle induced
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perturbations of return signal amplitudes found in coherent detection systems. The concurrent
independent measurements are obtained by use of multiple receiving apertures and/or by

transmission of a laser signal having multiple carrier spectral lines so far apart that each

carrier component of the laser signal permits performance of a measurement independent of

measurements performed by laser signals at other carrier frequencies.

- With respect to the utilization of multiple receiving apertures, consideration must be
given to the speckle pattern in a plane of the receiving apertures resulting from illumination of

the target with coherent radiation. The effect of the speckle is to introduce variations in

amplitude of the received signal as one progresses across the receiving plane. The variations

.may be described as being quasi periodic with peaks and approximate nulls in the receiving

pattern due to constructive and destructive interference in the speckled return signal. The
spacing between the peaks may be described in terms of a characteristic dimension of received
signal which, in the case of monostatic radar, is equal to diameter of a circular transmission
aperture employed for transmission of the laser signal. Thus, by limiting a diameter of a
receiving aperture to the characteristic dimension, the signal received by the aperture is
constrained to be a region of constructive interference for maximum signal response.
Furthermore, in order to insure independence of measurement, the receiving apertures are
spaced apart, on centers of the receiving apertures by spacings equal to an integral number of
the characteristic dimension. Thereby, an array of receiving apertures can be constructed
wherein the respective receiving apertures are operative in the conduction of independent
measurements of the spectral characteristics of the environment through which the laser beam
propagates.

With respect to the concurrent independent measurements made with a train of pulses of

the transmitted laser signal, it is noted that it is a characteristic of the length of resonator of a

~mode-locked laser to produce a comb spectrum wherein the bandwidth of the spectral

components of the transmitted pulse, and the spacing of individual components of the
spectrum 1s related to the repetition frequency of the pulse train. This spectrum is centered on

a nominal value of carrier frequency of radiation (typically infrared radiation) radiated by the

laser. This provides for the pulse train a set of sinusoidal components at line frequencies
wherein the sinusoidal components are synchronized, as distinguished from randomly

occurring, and the spacing of the spectral lines is large enough to provide for a decorrelation

of the speckled patterns produced by each of the sinusoidal components.
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The number of wavelengths of each of the respective spectral components is an integral

number of wavelengths in the round-trip propagation path within the resonant chamber of the
laser. Thereby, by decreasing the length of the resonant chamber, the fractional increment of
frequency difference between spectral components increases, while an increase in the round-
trip path of the resonant chamber results in a decrease of the fractional increment in frequency
difference between the successive frequency lines of the transmitted spectrum. Independence
of measurement is obtained by providing a sufficiently large frequency difference among the
various spectral lines such that concurrent components of the transmitted signal at the various
portions of the spectrum produce component return signals which are decorrelated from each
other. The magnitude of the frequency difference between adjacent spectral lines to achieve
decorrelation depends upon the target geometry as discussed below.

In the case of a laser beam directed downwardly towards the ground at an elevation
angle 1n the range of 5-10 degrees, typically 7-8 degrees, the train of the pulses of radiation is
seen to progress along the target area. In the case of a beam of circular cross section, the low
elevation angle produces an elliptical shape to a footprint of the beam on the ground, and the
pulses of radiation propagate along this footprint. Here too, there is an interference pattern
having both constructive and destructive interference resulting in a series of maxima and
minima in the amplitude of the return signal. The dimension of the elliptical footprint (major
axis) determines the required frequency difference. A sufficient jump in frequency from one
sinusoldal component to a second sinusoidal component provides a difference in phase
accumulation over the illuminated region, between the sinusoidal components, enabling the
return signals of the various sinusoidal components to be decorrelated. The requisite
frequency shift is referred to as the decorrelation frequency shift.

The resonant chamber of the laser is selected to provide for the requisite difference
frequency among the laser components of the outputted laser signal to achieve decorrelation.
Thereby, the return signal provides the set of concurrent independent measurements at
respective values of the frequency components. This provides the requisite multiplicity of
independent measurements of the spectral characteristics of the environment through which
the laser beam propagates. In order to extract the independent measurements from the return
signal, a Founer transform of the signal is provided at the time of the transmission of the
signal and also at the time of reception of the return signal. The first Fourier transform is

employed as a reference spectrum, and the second Fourier transform is employed to correlate

CA 02337497 2001-01-15
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the spectrum of the received signal against the spectrum of the transmitted signal. The result

of the Fourier transformation and correlation is to provide a comparison of the transmitted and

the received power in various spectral lines of the return signal. This provides the desired

data of the environment through which the laser beam propagates.

The foregoing data processing procedure may be repeated for each of the receiving
apertures, in the case wherein an array of receiving apertures is employed, to provide for
averaging of the independent measurements. Thus, there are two modes of attainment of an
averaging effect, namely, the composite measurements from the comb spectrum and the
averaging of the measurements from the various receiving apertures. The result is a highly

precise measurement of the spectral properties of the environment accomplished with far

greater rapidity than has been possible heretofore.

3rief Description Of The Drawing
The aforementioned aspects and other features of the invention are explained in the
following description, taken in connection with the accompanying drawing figures wherein:

Fig. 1 shows a stylized view of a laser system located on the ground and transmitting a
beam of radiation upwards to a target in the form of an aircraft;
Fig. 2 shows a stylized view of a laser system located on an aircraft and transmitting a

beam of radiation downwards to a target represented as a portion of the surface of the earth:

Fig. 3 1s a graph showing variations in intensity of a signal reflected from the target of

Fig. 2 and received in a speckled pattern at the laser system;
Fig. 4 shows an alternative embodiment of the laser system wherein additional

telescopes are employed for observing a received signal;

Fig. 5 is a diagrammatic representation of transmitted and received signals propagating
between the laser system of Fig. 2 and a target shown a footprint on the earth's surface:

Fig. 6 is a plan view of the footprint of Fig. 5;

Fig. 7 shows a line spectrum of a mode-locked laser;

Fig. 8 1s a diagrammatic representation of the laser system of either Figs. 1 or 2;

Fig. 9 i1s a graph presenting a stylized representation of a pulse train outputted by a laser;

and

Figs. 10A and 10B, taken together, constitute a flow chart of the process or the

Invention.
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[dentically labeled elements appearing in different ones of the figures refer to the same

elements in the different figures but may not be referenced in the description for all figures.

Detailed Descrint

Fig. 1 shows a laser system 20 located on the ground 22 for transmission of an optical
signal to an aircraft 24, the system 20 including a transmitter 26 for generating an outgoing
optical signal, a receiver 28 for sensing an optical signal reflected from the aircraft 24, and a
telescope 30. The optical signal is a sequence of pulses of radiation. The telescope 30 is
employed with the transmitter 26 for focusing the outgoing signal to provide a beam 32 which
propagates through the atmosphere to the aircraft 24, and serves also to gather radiant energy
of the reflected signal for operation of the receiver 28. The received signal has the
characteristics of the transmitted signal, but is modified from the transmitter si gnal by the
aircraft physical properties and its motion 24 and by pollutants 34 found in the atmosphere.
Such modification in the received signal may include a Doppler frequency shift and selective
attenuation of various spectral components. Detection and analysis of such modifications is
provided by a signal Processor 36 connected to the receiver 28.

Fig. 2 shows an arrangement for measurement by means of transmitted and reflected
optical energy, the arrangement being the reverse of that shown in Fig. 1. In Fig. 2, the laser
system 20 1s carried by the aircraft 24, and directs the beam 32 of radiation downwards
towards the ground 22. The outgoing signal is transmitted by the transmitter 26 and via the
telescope 30 which forms the beam 32. The beam 32 illuminates a portion of the ground 22
designated as a footprint 38. The ground 22 has sufficient roughness to reflect the radiation
over a large region of space included a reflection of rays back towards the telescope 30. The
roughness of the surface of the earth 22 is constituted by perturbations, or irregularities, in the
surface of the earth 22, the magnitude of an individual one of the perturbations being on the
order of a wavelength of the illuminating radiation. The radiation transmitted by the laser
system 20 1s coherent radiation produced by a mode locking of a laser as will be described
hereinafter in greater detail. As a result of the coherence of the radiation, there is interference
among the waves reflected from the numerous perturbations throughout the footprint 38, this

interference giving rise to the phenomenon known as speckle.

Fig. 3 1s a graph showing the effect of speckle wherein there is constructive and

destructive interference observed in an image plane 40 at the foregoing receiver 38. Fig. 3 isa

CA 02337497 2001-01-15
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probability distribution governing the speckle pattern of received radiation intensity. The
image plane 40 1s represented by a vertical line. An axis 42 of the foregoing telescope 30 is
represented by a horizontal line intersecting the image plane 40. The vertical line of the
image plane 40 also serves to measure distance off of boresight of the telescope 30, and the
horizontal line, axis 42, also serves as a measure of intensity of radiation received at the image
plane 40. A trace 44 shows the intensity of the received radiation in the image plane 40 as a
function of distance from the axis 42. The graph shows that a peak value 46 of intensity is
received at the axis 42. The intensity falls off with increasing distance on both sides of the
axis 42. Still further peaks, not shown, are present with further distance from the axis 42.
The three peaks 46, 52, and 54 have approximately the same width along the image plane 40.

It 1s convenient to describe the resulting speckle pattern on the image plane 40 in terms
of a characteristic dimension, r, which is proportional to the range, R (showed in Fig. 5), of
the target, or footprint 38, from the image plane 40 (shown also in Fig. 5). The characteristic
dimension, 1, 1s proportional furthermore to the ratio of the wavelength, A, of the radiation
divided by the width, D (shown in Fig. 5), of the footprint 38. It has been found that the
characteristic dimension, r, is essentially equal to the spacing between each of the peaks 46,
52, and 54, this being indicated in the graph of Fig. 3. The speckle pattern can very in time as
a result of small Changes, comparable to the wavelength of the radiation, in the optical oath
length. The small changes in optical path length result from any relative motion between the
source of radiation, represented by the system 20, and the target, represented by the footprint
38, as well as from atmospheric fluctuations between successive pulses of radiation
transmitted by the system 20.

Fig. 4 shows a further embodiment of the system 20, indicated as system 20A, wherein
additional telescopes are employed in conjunction with the telescope 30 in an array 60 to
realize the benefit of coherent detection. Two such telescopes 56 and 58 are shown by way of
example. The telescope array 60 is constructed by providing each of the telescopes 30, 56 and
58 with an optical aperture having a diameter equal, to the characteristic dimension, r.
Fortunately, such a diameter for the telescope apertures permits emplacement of the |
telescopes 30, 56 and 58 side by side 1n an array, such as the array 60, as shown in Fig. 4.
This enables additional receivers 62 and 64 connected respectively to the telescopes 56 and 58
to operate in joint fashion with the receiver 28 connected to the telescope 30 to observe a

single speckle. Any fluctuation in received signal, between successive pulses of illumination

CA 02337497 2001-01-15
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of the target, has the same characteristics as received by each or the telescopes 30, 56 and 58.

This allows the respective receivers 28, 62 and 64 to operate in the aforementioned joint

fashion to provide a significant decrease in signal variance for an improved measurement of
spectral characteristics of the received signal.

5 With reference also to Fig. 3 wherein the trace 44 is shown in one dimension, it is to be
understood that the trace 44 of Fig. 3 is symmetrical about the axis 42 in two orthogonal
dimensions of the image plane. Accordingly, while the array 60 is shown as a linear array in
only one dimension in Fig. 4, the array 60 may be provided as a two dimensional array (not
shown) of telescopes positioned symmetrically around the telescope 30 for further

10 i1mprovement in the spectral measurement.

In order to make the measurement of the return signal intensity for accurate
representation of the mean value of the return signal energy, it is necessary to average over a
number of pulses of the received signal to reduce the variability of signal intensity of the
received signal to a desired level. The uncertainty in a given return signal intensity

1S measurement decreases in accordance with the reciprocal of the square of the number of

independent measurements.

In accordance with the invention, the averaging can be accomplished by simultaneously
viewing a single echo pulse from the target concurrently in a plurality of locations, wherein
the locations are spaced apart by the aforementioned characteristic dimension, r, to insure

20  independence of measurement. This can be accomplished also by viewing a succession of
received signal pulses wherein the signal of one pulse is independent, in the sense of the
signal of one pulse is independent, in the sense of being decorrelated, from each other pulse.
Such indepc':ndence can be attained also 1n the case of a concurrent viewing of plural spectral
lines produced simultaneously within each pulse of a pulse train, the amount of frequency

25 difference between the spectral lines being referred to as a decorrelation frequency.
Attainment of the decorrelation frequency will be described with reference to Figs. 5 and 6.

Fig. 5 1s similar to Fig. 2, and shows the beam 32 being directed downwardly by the
telescope 30 of the system 20 toward the ground 22 at a small elevation angle 0 having a
value typically in the range of 5-10 degrees, typically 7-8 degrees. The beam illuminates a

30  footprint 38 having a length. x. and a width, D, as shown in Fig. 6. The diameter of the beam,
near the earth is in the range typically of 10-15 meters. The length, x, and the width, D, are

related mathematically by the equation x = D/sin(0). Transmitted rays are shown at 66 and
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reflected rays are shown at 68. Pulses 70 of the transmitted radiation have a duration of

approximately one nanosecond, which corresponds to a distance of approximately one foot

along the footprint 38 as the radiation propagates along the footprint 38.

As noted above, averaging over a succession of pulses can be employed for improved
measurement. However, this 1s time consuming and, hence, disadvantageous. This
disadvantage is overcome by the invention by providing that each of the pulses 70 is a
composite of numerous spectral lines of light or radiation, wherein each of the numerous
concurrent spectral lines differs in frequency from the frequencies of the other lines. The
frequencies differ sufficiently, by an amount referred to as the decorrelation frequency, Fd,
such that a measurement performed by use of any one of the concurrent spectral lines is
independent of a measurement produced any other one of the concurrent spectral lines.
Thereby, multiple independent measurements can be accomplished by use of a single one of
the pulses 70. This results in a significant reduction in the time required to perform the
measurement.

In order to accomplish the foregoing independence of measurement among the
concurrent pulses at differing carrier frequencies, the decorrelation frequency, Fd, must be
greater than or equal to the ratio ¢/ (2x) wherein c is the speed of light, and x is the
atorementioned length of the footprint 38. This relationship may be understood by
considering the differential buildup of phase between two sinusoidal components of a pulse as
the pulses propagate along the footprint 38. The round trip phase shift, 8, between the signals
at 66 and 68 (Fig. 5) 1s given by 2(m/A) cos(0), wherein cos(0) is approximately unity at the
low elevation angle, 0. A differential amount of the round trip phase shift, 8, between two
signals of different carrier frequency is to be considered. An amount of A0, equal to /2 in
magnitude, provides for a maximum or minimum value of speckle in the image plane 40
(Figs. 3 and 5). Using this criterion for decorrelation to determine a minimum value for Fd
produces the relationship that the magnitude of A0 is equal to 2 (7/A) (2x) (1/8x). [Assuming
that the transmitted radiation is infrared radiation with a wavelength, A, equal to 10~ meters,
and that the length, x, of the footprint 38 is 25 meters, Fd must be equal to ; or greater than
1.5 MHz (megahertz). While the foregoing values of wavelength and footprint length are

provided by way of example, these values are employed in the preferred embodiment of the

invention.
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In the foregoing embodiment of the invention, and assuming that there are N such
spectral lines within a single one of the pulses 70, then there are N independent
measurements, or speckle realizations, which reduce the variance of the reflected signal for a
single pulse 70 by the square root of N. By way of alternative embodiments in the practice of
the invention, instead of providing N concurrent pulses of differing carrier frequencies, there
may be provided a single pulse wherein the carrier frequency is swept over a frequency range
equal to N (Fd) . This also enables the N independent measurements, or speckle realizations,
which reduce the variance of the reflected signal for a single pulse 70 by the square root of N.

By use of a mode-locked laser in the laser system 20, as will be described in Fig. 8, the
laser can produce concurrently a plurality of carrier frequencies in the nature of a line
spectrum with equal spacing 1n frequency, or mode spacing, between the end mirrors by a
relationship, namely, that the mode spacing is equal to ¢/ (2L). Herein, c is the speed of light
In the laser. Within the region of operation of the laser wherein there is sufficient gain to

produce oscillation, there is sufficient bandwidth to generate numerous spectral lines with the

foregoing mode spacing. Such a spacing of concurrently generated spectral lines for a mode-

locked laser 1s shown in simplified fashion in Fig. 7.

A modulator within the laser resonator, to be described in greater detail with reference
to Fig, 8, 1s operated to produce mode-locking pulses having the pulse duration of one
nanosecond, this resulting in the generation of the pulses 70 with the plural spectral lines
described above in reference to Fig. 5. While other durations of the pulses 70 may be
employed, the duration of one nanosecond is employed in the preferred embodiment of the
invention. The bandwidth of the frequency spectrum of the one nanosecond pulse is 1000
MHz 1n the case of a single pulse, the spectrum is continuous. However, upon generating a
repetitive train of the pulses, the spectrum becomes a line spacing proportional to the
reciprocal of -the time interval between pulses. Thus, a higher repetition frequency of the
pulses of the pulse train results in a larger frequency difference between the lines or the
spectrum. The length, L, of the resonator is selected to produce a mode spacing of 25 MHz.
By operating the modulator at a frequency commensurate with the mode spacing, a modulator
frequency of 12.5 MHz being employed for reasons to be explained hereinafter. The
modulator allows passage of reflected radiant energy for each round trip of reflection between
end mirrors of the laser for the mode locking. Pulses are outputted at a 25 MHz rate. Thus.

the laser produces a line spectrum of 40 lines spaced apart from each other by 25 MHz.
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Thereby, the laser enables the concurrent measurement of N independent measurements with
N = 40.

Fig. 8 shows details in the construction of the laser system 20, previously discussed with
reference to Figs. 1 and 2 including the telescope 30 and the signal processor 36 and their
interconnections with the transmitter 26 and the receiver 28. The receiver 28 is a heterodyne
type of receiver and comprises a local oscillator 72, a semi-reflecting mirror 74, a heterodyne
detector 76 and receiving circuitry 78. The transmitter 26 comprises a laser 80 having a lasing
medium 82 disposed between two end mirrors 84 and 86. A beam 88 of infrared radiation is
developed within the medium 82 in response to energization of the medium 82 by a source 90
of input power, and is reflected between the mirrors 84 and 86 to build up in intensity. The
mirror 86 1s partially transparent to allow a portion of the beam energy to exit the laser 80 and
propagate via a transmit/receive switch 92 to the telescope 30 to exit the system 20 as the
beam 32. The beam 32 illuminates a target in the form of the aircraft 24 (Fig. 1) or the ground
22 (Fig. 2). In order to provide the line spectrum of Fig. 7, the laser 80 includes a modulator
94 driven by a driver 96 for mode-locking the laser 80.

As described hereinabove, the mode-locking results in the outputting from the laser 80
of a train of pulses 70, as is depicted in Fig. 9, wherein each of the pulses 70 is a composite of
numerous mode-locked spectral lines within each of the pulses 70. In the preferred
embodiment of the invention, the pulses 70 each have a width of one nanosecond with
interpulse spacing of 40 nanoseconds, as described hereinabove. Also, the laser 80 employs a
carbon dioxide lasing medium 82 providing a wavelength of approximately 11 microns. The
pulse train extends over an interval of time of approximately 3-5 microseconds.

The modulator 94 may be constructed as a Bragg cell of piezoelectric material wherein
the driver 96 energizes an acoustic wave within the piezoelectric material. The wave gives the
appearance of a grating to the cell with peak values, whether positive or negative, serve to
compress the piezoelectric material to form the grating. Thus, the spatial frequency of the
grating 1s double the excitation frequency of the driver 96. Accordingly, to produce the mode
spacing of 25 MHz, the driver 96 outputs a driver signal at half the foregoing frequency,
namely, 12.5 MHz. The grating of the Bragg cell tends to deflect the laser beam away from
the longitudinal axis of the laser, this resulting in a termination of a laser pulse and serving to

control the length and time of occurrence of each pulse of light outputted by the laser 80.
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If desired, the laser 80 can be operated in accordance with an alternative embodiment of
the invention wherein, instead of producing the line spectrum, the laser 80 is modified by
replacing the mirror 84 with a grating, such that by tilting the grating, the frequency of
radiation outputted by the laser 80 is swept in frequency over an interval of time. For
example, the tilting can be accomplished by a controller 98, indicated in phantom view, which
rotates the grating about an axis perpendicular to a longitudinal axis of the laser 80 at a fixed
rate of rotation during an interval of time such as the duration of a pulse 70 outputted by the
laser 80. This sweeps the carrier frequency of the beam 98 linearly during the duration of a

pulse 70.

In operation, during reception of an echo reflected from the target, the switch 92 is

operated to direct received light through the mirror 74 to the detector 76. The local oscillator
72, which may also be a laser operating continuously for outputting a single frequency, directs
a reference signal via the mirror 74 to the detector 76. The frequency of the local oscillator 72
1s offset from the carrier frequency of the laser 80 so as to output from the detector 76 a base
band signal to the circuitry 78. The base band signal is filtered, amplified and converted from
analog to digital format in the circuitry 78, and is then outputted as a digital signal to the
signal processor 36. The signal processor 36 includes a Fourier transformer 100, a memory
102 and a correlator 104. Prior to conduction of the spectral measurements, a sample the laser
signal 1s drawn via the switch 92 and applied to the detector 76. The detected sample signal is
applied to the Fourier transformer 100 to provide a reference spectrum which is stored in the
memory 102. The Fourier transformation is conducted digitally with sample points at each
frequency of the line spectrum of the transmitted signal. In the case of the alternative
embodiment of the invention employing the swept frequency, the sweeping of the frequency

extends across the same spectral band as is present in the case of the embodiment utilizing the

“pulse train without the sweeping of the frequency. Also, in the swept-frequency embodiment,

the digitally sampled points in the frequency spectrum for the Fourier transformation include

at least sampling points spaced apart in the frequency spectrum by the decorrelation frequency
Fd. Subsequently, during conduction of the spectral measurements, the Fourier transforms of

the received signals are correlated against the reference spectrum stored in the memory 102.
The results of the correlation are applied to a data output unit 106 which may be a printer, or

display or storage, by way of example, serving to present the output data to persons using the

system 20.
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the processing of the comb spectrum. Therefore, the spectral data can be obtained by the
signal processor 36 in both embodiments of the invention. This applies whether there is a
single telescope 30, as in Fig. 2, or multiple telescopes 30, 56 and 58 as in Fig. 4.

Ihe methodology in the practice of the invention is set forth in the flow chart of Figs,
10A - 10B. The procedure begins at block 110 wherein a selection is made as to the type of

target to be illuminated by the laser. Thus, with reference to block 112, the target may be an
airborne target wherein the target is to be illuminated by the laser system positioned on the
ground, as shown in Fig. 1. Alternatively, as set forth in block 114, the target may be on the
ground, as shown in Fig. 2, wherein the laser system is carried at higher altitude, as by an
atrcraft. After the selection of target in block 110, the procedure continues with block 116
wherein there is establishment of the cross-sectional dimension D of the footprint of the
1llumination region upon a diffusely scattering target. Then, at block 118 there is a selection of

a wavelength of the laser light to be employed in illuminating the target. The procedure
continues at block 120 wherein the target viewing distance R between the target and the

20 receiver of the laser system is established.

T'he foregoing information is employed at block 122 to determine a characteristic

dimension r of the speckle in the image plane of the receiver for configurations of the invention

employing a monostatic or bistatic radar for the viewing of radiation reflected from the target.
The characteristic dimension, r, is given in terms of the wavelength of the illuminating light,

25  the cross-sectional dimension of the illumination footprint and the range between the target and
the image plane of the receiving equipment, whether the radar be In a monostatic
configuration, as is shown in Figs. land 2, or in a bistatic configuration (not shown). The
characteristic dimension, r, established in block 1272 1s employed to construct a cross-sectional

dimension of a viewing telescope so as to maximize the signal reception of a speckle. In the

30 case of the monostatic radar configuration disclosed in the preferred embodiment of the

invention, the optimum telescope

-
.........
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rece1ving aperture is equal to the transmission aperture of the telescope. At block 126, it is
noted that the target footprint X is equal to the ratio of the characteristic dimension and the sine
of the elevation angle of the beam from target to transmitter. The procedure then advances
from block 126 via terminal A to block 128 on Fig. 10B.

5 Inblock 128 of F 1g. 10B, there 1s a calculation of decorrelation frequency shift, F d, of
the illuminating laser light in terms of the speed of light, ¢, and the length, L, of the laser
resonator. Fd is to become the spacing of spectral lines of a pulsed mode-locked laser
producing a train of light pulses. The procedure advances to block 130 wherein there is a
selection of a range of frequencies of light within each light pulse, the range encompassing a

10 frequency band having a number, N, of intervals along the frequency axis of Fd. These
mtervals are the mode spacing between the spectral lines as shown in F 1g. 7. Since the mode
spacing is equal to the decorrelation frequency, the frequency band permits transmission of a
total of N spectral components within the pulse train for concurrently attamning N independent
measurements of the spectral characteristics to be made during each light pulse received at the

15  receiving equipment.

Thereafter, at block 132, the target is illuminated with the pulse train of laser light.
There is synchronization of the individual spectral lines of the pulses of the pulse train attained
by operating the laser in a mode-locked manner. In the absence of such mode locking, the
individual sinusoidal components of the waveform at the various spectral lines may drift

20 relative to each other, this interfering with the precision of the measurements. By way of

optional embodiment in the practice of the invention, at block 134 there may be established
additional receiving apertures to give a total of M receiving apertures for viewing back

scattered laser light from the target as shown in Fig. 4. Also, by way of alternative

embodiment in the practice of the invention, the carrier frequency may be swept linearly during

D
A

a pulse of transmitted radiation wherein the tandwidth of the signal transmission is the same as
the bandwidth set forth above in block 130. Use of the plural recelving apertures, as disclosed

in block 136, provides for observation of back scattered light to produce additional

independent
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of the receiving apertures. Thereupon, at block 140, there is an averaging of the measurements

produced from each of the receiving apertures, the averaging being disclosed in Fig. 8.

It 1s to be understood that the above described embodiments of the invention are

illustrative only, and that modifications therefore may occur those skilled in the art.

Accordingly, this invention is not to be regarded as limited to the embodiments disclosed
herein, but is to be limited only as defined by the appended claims.
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CLAIMS

1. A method of performing multiple concurrent independent spectral measurements

for mitigating the effect of speckle in a system employing coherent radiation, comprising steps of:

operating a laser in mode-locked fashion to produce a signal comprising a train of

pulses of radiation characterized in the frequency domain by a line spectrum wherein the

lines are spaced apart by sufficiency in frequency to ensure decorrelation respective ones

of the frequency components of the pulse-train signal;
directing a beam of light from the laser to a target for illumination of the target,
the beam of light having the pulse train signal, the beam of light illuminating a region of

the target in the form of a footprint;

determining the dimension of length of the footprint and the magnitude of the
decorrelation frequency, wherein the decorrelation frequency is inversely proportional to

the length of the footprint;

performing a Fourier transform on a signal reflected from the target to provide a

received signal spectrum; and

comparing the received signal spectrum with a reference spectrum of the signal

transmitted from the laser to obtain data from independent spectral measurements.

2 A method according to Claim 1 further comprising steps of:

determining a dimension of width of the footprint;

establishing a characteristic dimension of speckle in an image plane at a location
of reception of light reflected from the -target, the characteristic dimension being

proportional to a wavelength of the radiation and to a distance between the target and the

location of reception, the characteristic dimension being inversely proportional to the

width of the footprint; and

providing a plurality of receiving telescopes located in an array at the image

plane wherein points of location of the telescopes are separated by the characteristic

dimension.

3. A method according to Claim 2 further comprising steps of: forming Fourier

transformations on signals received by respective ones of said

plurality of telescopes; and
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averaging spectral measurements produced by the Fourier transformation of-said

signals rece1ved at said plurality of telescopes.

4. A method of performing multiple concurrent independent spectral measurements for

mitigating the effect of speckle in a system employing coherent radiation, comprising steps
of:
operating a laser by sweeping the frequency of a signal outputted by the laser:

directing a beam of light from the laser to the target for illumination of the target,
the beam of light having the pulse train signal, the beam of light 1lluminating a region

of the target in the form of a footprint;

determining the dimension of length of the footprint and the magnitude of the

decorrelation frequency, wherein the decorrelation frequency is inversely proportional

to the length of the footprint;

performing a Fourier transform on a signal reflected from the target to provide a
received signal spectrum, said Fourier transformation being accomplished digitally with
samples of frequency being taken across the frequency band of the signal transmitted
by the laser, wherein .sampling points in the frequency domain include at least spectral

lines spaced apart by the decorrelation frequency; and

comparing the received signal spectrum with a reference spectrum of the signal

transmitted from the laser to obtain data from independent spectral measurements.

3. A method according to Claim 4 further comprising steps of:
determining a dimension of width of the footprint;
establishing a characteristic dimension of speckle in an image plane at a
location of reception of light reflected from the target, the characteristic dimension

being proportional to a wavelength of the light and to a distance between the target; and

the location of reception, the characteristic dimension being inversely

proportional to the width of the footprint; and

providing a plurality of receiving telescopes located in an array at the image

plane wherein points of location of the telescopes are separated by the characteristic

dimension.
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6. A method according to claim 3 further comprising steps of:
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