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FOREWORD

This report is an account of the work performed at the McDoanell Douglas

Research Laboratories on Laser Radar Analyses for the Naval Surface Weapons

Center, Contract No. N60921-79~-C-0180, from 15 July 1980 to 15 July 1983,

work was performed in the Radiation Sciences Department by the principal

investigator, Dr. J. C. Leader.
the computer code development,
and Dr. W. J. Graham of the Naval Surface Weapons Center,
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1. INTRODUCTLON

Coherent laser detecticn aud ranging (L.ADAR) systems are currently being
developed for the acquisition and tracking of extended targets. Although
heterodyne detection of the optical signal generally provides significant
signal-to-noise ratlo enhancement over incoherent detection for infrared
wavelengths, the average signal (and resultant signal~to-noise ratio) may be
significantly degraded by phase-front distortions resulting from target
speckle and atmospheric turbuleance effects, unless proper system~design
precautions are observed. Similarly, monopulse tracking performance of LADAR
systems can be degraded unless phase-distortion effects are understood and
compensated. The objective of this study was to develop analyses and computer
codes that permit rveliable predictions of phase~distortion effects on
heterodyne LADAR performance for realistic system parameters, target

configurations, and engagement scenarios.

This final report summarizes the results obtained from 15 July 1980
through 15 July 1983 concerning the efficlency of the heterodyne-~detection
process resulting solely from extra~instrumental phase effects (l.e.,
unavoidable instrument inefficiencies are neglected). An extended period of
performance was provided to pernit the comparison of analytical predictions,
developed under this contract, with experimental results that were to be
provided under other programs. The experimental results developed during this
time period were of limited value, so the emphasis of this study was re-
directed towsrd (a) refining the analyses previously developed (MDC Final
Report Q0714, Laser Radar Analyses), (b) developing and documenting a general
heterodyne~efficiency prediction code, aud (c¢) providing illustrative
calculations that can be referenced for future experimental and system design

activities. This report summarizes the results of these afforts.
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2+ SUMMARY OF RESULTS

Significart results of the contract study for the period 15 July 1980
through 15 July 1983 are summarized below. Detalled anslytical results are
provided in Section 5, and {llustrative numerical results are given In
Section 6.

] A general, flexible, computer code was developed to compute the

laser~radar heterodyne-efficlency degradation that results from

phase=front distortions introduced by both atmospheric turbulence
and target-dependent speckle effects, The code permits speckle
calculations of either a Schell-model target or a general target
having an arbitrary projected cross-section distribution.
Computations can be performed assuming elther a circular-~aperture or
a Cagsegzraln receiver.

. A comparisou of computed heterodyne-efficiency factors with
experimental data obtained at the General Electric Co. (G.E.)

Electronics Laboratory indicated general agreement in trends and

reasonable agreement in magnitude for a diffuse scattering target
but poor agreement in magnitude for a specular target. Uncertainty
in experimental conditions render this comparison incenclusive.

] Good correspc ence of the predictions of the computer code was
dcemonstrated with published results of a more restrictive study that

analyzed only turbulence cffects coupled with restrictive r-celver

parameters.
° Illustrative results were computed for the speckle degradation in k

heterodyne efficiency that would be expected for both a simulated

tactical alrcraft and a Schell-model target, as a function of a

range and beam radius, to emulate the detection efficlency that

PLarrer

could be expected in an operational environment.

e e st A

L] A test panel configuration that could be employed for future

experimental tests was developed, and efficiency computations were

ey

performed on the test array that demonstrate the feasibility of
experimental tests of predictions concerning coherence effects and a

phase-quadrature component.




Ay e S - -

: 3. CONCLUSIONS

Salient conclusions resulting from this study during the reporting period

are summarized below.

L The heterodyne-efficiency computer code that was developed is
sufficient for systems analyses and planned experimental tests

concerning the effects of atmospherlc turbulence and target speckle

on the heterodyne efficiency of laser radars.

. The high confidence in the validity of the model used for heterodyne
efficlency, and the resultant computer code, indicates that the lack
of agreement with G.E., experimental data probably r:sulted from
inadequately characterized experimental effe.:s (such as beam
jitter) and inadequate data acquisition and processing techaniques.

] The rapid decrease in the heterodyne efficiency with decreasing
range in the near-field will probably dictate either the use of

focusing optics (in either transmitter or receiver) or corrective

data processing to maintaln a signal-to-nolse ratio of a lagser radar
system equivalent to that at intermediate ranges,
L] Predicted negative values of the lager-radar heterodyne efficiency

correspond to a detected signal that 1s out of phase with the

intermediate (heterodyne) frequency.
L The actual signal-to-noise ratlo of a heterodyne laser-radar system
~an be increased by decreasing the transmitted beam divergence, but

there exists a maximum benefit that 1s dependent on the particular

transceiver configuration.
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4. RECOMMENDATTONS

. Laser radar experiments should be conducted using the test panel
configuration, suggested in Sectfon 6.4, to verify the effects of speckle
on heterodyne efficiency and the correspondence of predicted negative
efficiencies with a phase~-quadrature component.

L] The analyses developed in this investigation should be extended tc permit
the study of speckle effects on monopulse tracking.

L] The results of this study, which yield the effective carrier-to-noise

ratio, should be integrated into a more general analysis of the complaete
signal-to-noise ratlio, that Jdetermines the detection probability,

required for acquisition studies.
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5. ANALYSES

To provide a convenlent reference for the equations employed in the
generalized laser-radar efficiency code (section 7), relevant formulae derived
{n the previous investigation (Peferenze 1) are summarized below in Section
5.1, A corrected form of the limits of integratlion that arise in the 1incohe-
rent form of the heterodyne-efficiency integral is provided in this summary,
as well as some comments concerning the interpretation of the computed
values. Section 5.2 provides a brief derivation of the modification of the

heterodyne~efficiency formulae that result when the heterodyne efficiency of a

receiver having Cagssegrain optics is desired.

5.1 Hetervodyne Efficiency Equetions

Beginning with the equations for the ensemble-averaged photodetector

current correlation function of a heterodyne LADAR system developed in

Reference 2, the previous investligation showed that the maximum power signal- 3

to-noise ratio heterodyne efficlency factor 1s given by

/AT PRUR S
bp

S
e T e— — - —— e e E————
max T 2 2 ?
AN A ffd‘tf U (8D
Fop

(1)

where y 1s the spatial degree—of-coherence fuuction at the receiving aperture F

plane, upp is the normalized spatial variation of the back-propagated local-

oscillator wave, Ar is the recelving aperture area, and Abp is the back-
propagated aperture ares (i.e., the minimum areal substance of either the

recelving aperture or the back-propagated local-oscillator wave, whichever is

less).

To permit specific calculations of LADAR efficiency factors, the )
generalized transceiver system depicted in Figure 1 is considered, having the

following parameters:




Laser l O et
Frequency

shifter
p phne
Focal length =f _/\ /
Aperture raaius = A E plane
. . . \ -
Gaussian amplitude [
radius at local oscillator il
beam=L €~
N
\ I
v
ﬁ‘ r plane
IR detector Distorted
Focal length =f, wave
Entrance pupil radius=P front
GPI-11999

Figure 1. Transceiver parameters and coordinates.

= local-oscillator aperture radiuvs,
P = entrance pupil radius,
fq, = focal length of local oscillator lens/mirror (lens 3), ard
£, = focal length of receiving lens/wmirror (lens 2).
These paraméters were used in Reference 1 to derive an excellent epproximation

for the back-propagated local-oscillato: field using the definitions

3 (h-4).
L r

2’ =z -~ , (3)

and L ‘= —=-1 “. (4)
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The derived expression for the back- yropagated local-oscillator field
facilitates the evaluation of the heterodyne detection efficiency,

Equation (1), subject to various assumptions concerning the mutual intensity
functional form of the received optical signal. 1If the incident field

correlations can be approximated by a Schell—model3 function of the form

N OISR = L
e

- 2
rEE) =u) e : (5)
where
2 i
QA - e ——— ’ (6)
kLA L¢

L is the coherence radius, Lp 1s the amplitude radius, and L@ is the average

phase~front radius of curvature, it is straightforward to show that

2 ~(p+gIR2\ !
€nax ™ 4(p + p*)P 1 ~e

Rm Rm
- Ez-a*E'z
xffdgdg'gg' 10(—2—‘:';'—5—)e or T (7)
T
0 o ¢
where
-i - ,2 ;-2 "'1 P k‘ =
p-z-i-,-+(-41z + 162°°L°°) ", A -Af/f,, ao-B+-2-°+fc2v (8)
and
A 1if A < P
Rm- - (9)
P 1if P < A”




Assuming an on-axis Schell-model target, the incident field correlation

parameters appearing in Equations (5-8) can be calculated from the following

expressions {(Reference 3)

. 1/2
- [Zz(p 2+ ol?)+ [1+ ia’Rlz] , (10)

-1
2, -2, =2 P 202 .2l =2 =2
Ly R[Z(p +pu)+|l+iaR|] [ImaR [a”|“R" - Z (790 +pu)] .

[o]
(11)
and
1/2
2, -2 =2 ,2] F =220 _ o0, 1202
rc=Z[Z(po+pu)+ll+iaR| LpOZ(l 2R Tm a + Ja’|“R7)
“2 2. . .3,2-2y ., 2,2 22,1 "2 (12)
+p. " Z°(R Ima +—A-£p°)+puZ(1+poZ) R

where a”, appearing in Equations (10-12), is the Equation (6) parameter that
results from the target amplitude and phase~front radii (LA’ and L¢‘), R is
the target range, and Py and p, are the atmospheric and target coherence

lengths, respectively.

A more general expression for the heterodyne detection efficiency 1is
obtained by relaxing the constraint that the target radiance is Gaussian
(yielding the Equation (5) functional form for the mutual intensityj. If the
target has a single glint point and an arbitrary diffuse reflectivity

distribution, the degree-of-coherence function will be given by1
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2 |
x 1+Aff dzﬁi-‘f;%‘-’—)- , (13)

where

el T2t

R = range to target,

&>
p = traunsverse oordinate to line-—of-sight at the target plane,

2 ,»
do(p) = differential projected scattering cross~section per unit area,
»2 P
dp
a) and aj are the Gaussian radii of curvature at the glint polnt, A is a
factor that relates the relative strength of the coherent (glint) aund
incoherent components, and the denominator of Equation (13) vesults from the

normalizatioun requirement of the degree-—of-coherence function.

The parameter p, in Equation (13) is the turbulent-atmosphere spherical-
wave coherence length Po = {3/8 x 1.455 kZRC%]‘3/5, where C% is the

refractive. index structure constant| describing the effect of the assumed

homogenecus atmospheric turbulence on the propagation oif partially cohereunt .
1ight.? %
Recognizing that the generalized degree-of-cohecence function of Equation

(13) consists of the sum of a coherent and incoherent component, the

calculated heterodyne-efficiency factor, given by Equation (1), likewise can

ey

be split into the sum of two components. The maxiwum heterodyne efficlency

can be expressed as

(1 + nalaz/Acta )-1, (14)

-1
€ ecoh(1+Actar/na1a2) + .

8incoh




where o is the total target incoherent LRCS, i.e.,

tar
ff R 42 o(g (15)

and the coherent and incoherent efficiencies are determined from the relation

2
- Rm(B+ﬁ*)

28_ Q
r ‘coh/incoh | - e . (16)

(ne)?

scoh/incoh =

the integral factors Qcoh/incoh are defined by the integral numerator of
Equation (1). Because the coherent component of the degree-of~coherence
function is in the form of a Schell-model MIF, the coherent component of the
total efficiency can be expressed in the form of Equation (7) with the

variable a, replaced by the variable g defined as

rd ’_4 -
R S R (17)
[1 + (42z°L" °}

The incoherent integral factor can be written in the form

e 2 2 2
1 2+ -2 % 2 a2 ff 1+]do(-3)
Qincoh = 3 J]' d'g e r @(Rm £E) kR (¢ %) dE’Z ’
(18)
where
tam7Me, TaE o mTs, (19)

2 >+2 ~ @ "
_ anyRS - B »"2/2 —5 55 228
F(h) m —Fe— e 7# fdp."Jl[u" ZJRmZ— g'-Z:I Io(p" w/B) e ’

o
(20)

10




and  F=p_+ 2072, (21)

by transforming the integration limits of Equation (14) to the sum and
difference coordinates and utilizing the convolution integral expression for
the Fourier transform of the product of two functions, The notations

Br and By employed in the above expressions denote the real and imaginary
parts of B, respectively., The function F(;’) defined by Equation (20)
results from the Fourier transform of the turbulent-atmosphere spherical-wave
MIF truncated by the finite receiver aperture limits and Gaussian local-
oscillator field distributlon.2 Physically, F represents the spatial
filtering of the target’s spatial power spectrum by the turbulent atmosphere
and finite limits of the receiver., The Equatfon (20) expression for the
filtering function, F, differs from that reported in Reference 1 (Equation
68). The corrected expression, Equation (20), reflects the fact that the sum

and difference coordinates

and
rat-t (22)

can bz expressed in terms of the aperture coordinates ¥ and E‘ to yield a

restriction on their combined limits, viz.,
2{"2+%{‘2-E2+EZ<2Rm2. (23)

Thus, the difference ccordinate, that is the integration variable in the inner

integral of Equation (18), 1s restricted to the range
£ cu @2 -7, \ (24)

which 18 reflected in the parameters appearing in the filter function in
Equation (20).

11
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To numerically evaluate Equation (18), it is desirable to employ an
approximate analytical form for the filtering function ¥, It is demonstrated

in Reference 1 that an excellent approximation to Equation (20) results from

the function

F o) u” > @
F(p*) = { °P " (25)
F. oG9 w* < BD
where
J, (D)
. 271
sp(p. ) = 21D —].?D—- (26)
and
1 .2, 1.2 ~1 .2
N - wB -1 -=D° (B ) -1
Fou) 2 2nle Z @ -e 2 27 TFegwh |, a@n

The parameter I’ appearing in Equatious (25)-(27) is the integration limit of

the difference coordinate, i.e.,

p-2y &2-E% (28)

which replaces the back-propagated aperture radius, Rm, in the corresponding
expression (Equations (79)-(72)) of Reference 1. It should alsc be noted that
Equation (18) differs from Equation (67) of Reference 1 by a factor of 1/2.
This factor results from the observation that because

» >
g g

-+
§=

E"E’-_‘;‘E-a (29)

+

[T

and

when E- is traunsformed to - {‘, the apercure coordinates nf Equation (29) are
interchanged. Thus, a circularly symmetric integration over the variable z-

in Equation (18) yields a double mapping over the coordinates E and E'.

12




It is easy to demonstrate, using the approximate forms for the filter
function, that the Iincoherent detection efficlency approaches unity as R, goes
to zero and apprcaches zero in a limiting fashion as Ry, goes to infinity, as
required from the physics of the problem. Computed results presented in
Section 6,2 demonstrate the correspondence of the general expression,
Equation (18), with the more restrictive formula, Equation (7), for the
speclal cage of a Schell-model source. The resultant confidence in the
approximations employed for the spatial filtering function, ¥, coupled with
the comparisons of the preceding analyses5 with independent investigations of
a more limited scopeé, support the validity of Equations (18), (19), and
Equations (25)~(27). These formulae provide a prescription for calculating
the heterodyne efficieuncy of detecting a target of rather arbitrary laser-
reflectivity properties in the presence of atmospheric turbulence. Although
other investigators have performed extensive anafyses of the signal-to-noise
degradation of laser-radar imagery resulting from speckle effects and

atmospheric turbulence7, a similar investigation of heterodyne efficlency has

not been heretofore reported.

The user of the above formulae should note several points concerning
their derivation and interpretation. First, the derivation assumes that tha
mutual intensity function (which 1s a statistical measure derived from an
ensemble average) adequately describes the time-averaged phase-front
correlations that give rise to the time-averaged laser-radar signal. This
assumption is predicated on a form of the ergodic hypothesis8 which holds when
the phase deviations produced by the scattering are large and the scattered
field is quasihomogeneous so that a spatial average samples the stochastic
variatisiug of the system. In this event, the spatial variations of the
scattering geometry that change with time, encountered for most laser-~radar
systems, yleld time-averaged signals that should be in good accord with the
prediction of an ensemble-averaged statistic. Second, the derivation is
predicated on the frequency integrated signal power which is given by the
current variance.l! Thus, the derived relations describe the heterodyne
efficiency for the signal power included ia all spectral components of the
laser-radar pulse-form when the pulse is "on". Finally, it should be noted
that the numerator of the derived expression for the heterodyne sigral-power
efficlency, Equation (1), is such that negative values are possible. The fact

that negative values of the mutual intensity function can dominate the Inte-~

13
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grated contribution 1s evident from the Equation (13) form of the degree-of-
coherence fuanction, which shows that the incoherent contribution can be
presented 1n the form of a Fourler transform of the differential projected
scattering cross-section. Clearly, negative values of the Fourier transform
are permissable and, in fact, this eventuality is demonstrated in a numerical
example provided in Section 6. The calculated negative values, however, pose
a problem concerning their physical interpretation because the calculated
quantity is a power ratio which should always be positive. Because the
derivation? assumes that the heterodyne current is at the heterodyne
intermediate frequency (i.e., in phase with the difference frequency between
the laser and local oscillator), it seems reasonable to assume that negative
values correspond to the out-of-phase (quadrature) component, This interpre-
tation 1s supported by the reasonable physical predictions obtained assuming a
physically meaningful power value for negative values presented in Figurc 14
in Section 6. The verification of this physical interpretation of the

negative efficienclies as a quadrature component must, however, await further

experiments.,

5.2 Cassegrain Receiver Geometry

The equations summarized in the preceding section were developed for the
laser-radar system deplicted in Figure 1, where an unobstructed, circularly
gymmetric, receiver collects the laser light scattered from the target through
the turbulent atmosphere. Because the phase-front distortion effects on the
heterodyne efficiency are calculated from the phase interference with the
back-propagated local-oscillator wave at the receiver aperture, the foregoing
equations must be modified to treat the case of a Cassegrain receiver where a
central area of the receiving aperture is obscured. The following development
treats the necessary modifications for the Cassegrain receiver that are

implemented in the general heterodyne-efficiency code listed in Section 7.

Because all of the heterodyne-efficiency equations are of integ-al form,
since they are derived from the basic integral equation given in Equation (1),
it is sufficient to consider a general integrand of two spatial variables,
f(;, ;‘), integrated between limits R; and R, representing the ianer
obscuration radius and the outer aperture radius, respectively. It is

straightforward to show that
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Thus, the integral expression for the Schell-modcl target heterodyne
efficlency, Equation (7), and the coherent component heterodyne efficiency
{Equation (17) with Equation (7)) can be calculated for a Cassegrain receiver
geometry using the Equation (30) prescription for the limits of integration
appropriate for the receiver. It is also straightforward to show that the

efficliency integral is normalized by a factor given by

-1
28, - (") - R (pee") )
coh/incoh 1t2(P§ - Pi)

instead of Equation (16) in the case of Cassegrain receiver. The notation
employed in Equation (31) is a subscript form of the parameters defined
earlier, viz., P, and P; are the outer aperture radius and inner aperture
radius, respectively, and Ry and R, are the respective inner and outer back-
propagated local-uscillator beam radii (i.e., the extension of Equation (9) to
the Cassegraln geometry).

Although Equations (30) and (31) suffice to adapt the previous formulae
for Schell-model targets and the coherent component of scattering, the limits
of integration of the incohereat component, Equaiion (18), must be further
modified because this equation is given in terms of the sum and difference
coordinates. It is clear from the above development that the limits of
integration on three integrals must be determined in terms of the sum and
difference coordinates for the ircoherent scattering contribution for
Cassegrain geometries, however the davelopment provided below demonstrates
that the consideration of the mixed limits iantegral (the last integral in
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Equation (30)) suffices to provide the limits on the previous tw> integrals.
The mixed limits integral of two spatial variables can be written

a%ta%e- £(8, &) - [[dzédzi £(%, &) o (&2 - #)o (R - £-%) (32)

o o™
o‘*"st

in terms of the aperture coordinates and the Heaviside functions, ©. Because
of the relations (Equation (22)), between the aperture coordinates and the sum

and differeace coordinates, it follows that
A R S LS S (33)

for the mixed limits of integration case, so that

2 cu®@ -, (34)
where

=2 1 2 2

R” = "2‘ (RO + Ri) . (35)

In a similar manner, the defining equations may be used to show that

B2 -1 (B4 atd), (36)
80

& <7 (& + 2+ 2R R ) = R™2, (37)
where

RS =2 (R, +R). (38)

Therefore, the mixed integration limits integral may be written
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in terms of the sum and difference coordinates. Equations (35), (38), and

(39) show that the ilncoherent efficlency scattering integral reduces to the

P v o

form previously derived for an unobscured aperture when the outer and inner
integration limits are equal, Thus, the first two integrations reduce to the
3 case previously treated, Equations (18) and (20), with R, replaced by R, and
R, respectively. For the case of mixed integration limits, Equations (18)

and (20) become

- 2 .
-1 ff R R A f dzf‘?‘kx & >] -ﬂ%-l

Q
incoh = 2 J) at:
E (40)
and
) 5 @
3 ~ . buy R™= E 272/28 — _»"2/23
F(i7) = ————— ¥ f "y, [p." 2 yR? - E‘*z]l Qeu/§) &7 ,
B o
(41)

respectively. The above equations provide the basis for the modifications
1 included in the laser-radar heterodyne-efficiency code of Section 7 that :

permit Cassegrain recelver efficiences to be calculated when that option is

selected,
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6. NUMERICAL RESULTS

To 1llustrate the effects of atmospheric turbulence and speckle on
heterodyne detection-efficiency, several efficlency functlonal dependencies
are provided below that were numerically computed {rom the equations
summarized in the previous section as implemented in the generalized
efficiency code precented in the subsequent section, Specifically, Section
6.1 provides a comparison of the calculated results with the only applicable
experimental data that has been measured to date, and Sections 6.2 and 6.3
provide calculated results for atmospheric turbulence degradations of
efficlency for a clear aperture veceiver and a Casnegrain recelver,
regpectively., Section 6.4 provides calculated resui:s nf the speckle-related
degradation in heterodyne efficiency for a conical rarget, a representative
tactical aircraft target, and a test-panel configuration that could be

employed for subsequent tests.

6.1 Comparison of Calculated and Experimental Results

Laser-radar heterodyne-efficiency factors were calculated for the G.E.
lager-radar experimental parameters employed on 13 .1ily 1981 test.9 Assumed
parameters of the calculations were shosen to emulate the G.E, experimental
parameters (i.e,, local-oscillator aperture radius = 0.043 m, Cassegrain
obscuration ralius = 0.025 m, Cassegrain outer radius = 0,0381, 0.0509,
0.0762, 0.,0889, and 0.C953 m, receiver focal lengti: = 3,05 m, local-oscillator
focal length = 4,06 m, local-oscillator beam radius * 0.1 m, target range =
609 m, and transmit beam divergence = 0.6 mrad). Tha local-oscillator
aperture radius was chosen to emulate the finite size of the infrared detector
that was effectively flooded with the local-oscillitor beam radiation. A
Schell-model (Gaussian) target iu:z:nsity distribution was assumed for the
diffuge target because the transmitted bLeam was prevumeably a TEMyo mode and
the target was flat and uniformly diffuse. The calculated results are
compared with the experimental data in Figure 2 as a function of the
Cagsegrain aperture diameter. It is apparent that tiue calculated results for
the glint target exceed measured values, while the diffuse target predictions

are somewhat less than measured results, although both predictions follow
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Figure 2. Calculated and measured laser-radar heterodyne efficiency factors for the G.E. laser-radar
experimental parameters employed on the 13 July 1981 tests.

- observed trends (i.e., they decrease with increasiug Cassegraln aperture size
because of near-field effects). The diffuse target results would be closer to
obgerved data if a smaller beam divergence were assumed. It i{s noteworthy
that Reference 9 emphasizes that the beam divergence 18 one of the most {11~
determined parameters of the experiment, the other being the absolute
heterodyne efficiency. Although Figure 2 would indicate that the diffuse
target calculations are in better accord with the experimental data, it is
apparent that systematic errors are present in the data that preclude a valid
comparison. These errors are evident by the fact that (1) a near-~unity
heterodyne efficiency was not measured for the case of the glint target with
minimum aperture and (2) both the glint and diffuse target efficiencies show
an anomalous rise for the 5 in. aperture case. Both of the aforementioned
experimental anomalies cannot be rationalized with the known physics of the
detection process. It 1is possible that beam—-jitter problems adversely
affected the optical alignment, resulting in lower measured heterodyne
efficlencies for the glint target. The diffuse target measurements would not

be as subject to beam-jitter problems because of the diffuse target
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scattering, however, the speckle effects that result from diffuse scatterlng
require careful data recording and statistical analyses that were not
adequately performed in the Reference 9 study. Although the experimental data
generally support the predicted trends, the obvious intrcduction of artifacts

renders the comparison inconclusive,

6.2 Turbulence Effects on a Circular Aperture lieterodyne Recelver

Clifford and Vandzurab have performed calculations of the effects of the
turbulent atmosphere on heterodyne laser-radar performance assuming a focused
beam wave, but igunoring the effects of a finite collection aperture. To
demonstrate the correlation of the predictionb of this analysis with the
results of Clifford and Wandzura, Figure 3 shows computed efficiencies as a
function of integrated turbulence, assuming the unlikely conditions of
Reference 6, where the aperture size is much larger than the Gaussian beam
radius. The integrated turbulence number ags defined by Clifford and Wandzura
1s
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Figure 3. Calculated heterodyne efficienicy as a function of integrated turbulence. Calculations assume
A=P=5m,Ly=03m, f=f,=0.5m, and A=10.6 um.
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where the factor of /27 results from the different definitions of the Gaussian
beam radius employed in their investigation and this one. Figure 3 depicts
the functional dependence of the heterodyne efficiency on the integrated
turbulence for three differeant range values corresponding to the Fresnel
numbers (Q = kLg/R) of approximately 0, 4, and 16 used in the Reference 6
calculations. The Figure 3 results were computed from Equations (7) and (17)
and agree with the results calculated by Clifford and Wandzura using the
quadratic atmospheric structure-function approximation4 assumed in this

work. However, these results differ slightly from results computed assuming
the more exact five-thirds power-law atmospheric structure function, as
pointed out in Reference 6. Larger Fresnel numbers delay the decrease of the
heterodyne efficicicy with increasing turbulence, although the initial
efficiency is lower because of near-field effects (i.e., poor phase matching

on the photo~detector).

Figure 4 shows efficlency calculations similar to that of Figure 3;
however, the receiver aperture was assumed to be the same size as the local-
osclllator beam radius for these computations. Figures 3a and 3b differ only
in their method of computation: Figure 3a was computed from Equations (7) and
(17), whereas Figure 3b was computed from the more general Equations (16),
(18), and (20), assuming a point-like reflecting object having a radius of
only ! mm. The discrepanci:s between Figures 4a and 4b result solely from nu-
merical inaccuracies in computing the filter function of Equation (20).
Humerical computations of the filter function become increasingly difficult
for larger Fresnel numbers (Q), and the approximations of Equatious (25)-(27)
also become i{avalid. The Figure 4 results are particularly interesting
because they indicate that the finite recelving aperture has the effect of
further delaying the decrease of the efficiency with increasing turbulence
conpared with the beam-wave local-oscillator case of Figure 3, and a small
increase of heterodyne efficiency is noted for certain integrated turbulence
values for large Fresnel numbers. Remarkably, the more~accurate Figure 4a
results replicate the calculations of Clifford and Wandzura for the beam-wave
local-oscillator configuration using the more-accurate assumption of a five~
thirds power-law atmospheric structure functlon, aithough a quadratic
structure function was assumed for these computations. Cliffordl0 explains

the iacrease in heterodyne efficlency for large Fresnel numbers and certain
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Figure 4. Calculated heterodyne efficiency as a function of integrated turbulence. Calculations assume
A=P=Ly=03m, = f.=0.5, and A=10.6 pm. Figure 4a is computed from Egs. (7) and
(17) and Fig 4b is computed irom Egs. (18) and (25).

turbulence strengths as resulting from signal increases caused by the focusing
effect of large-scale turbulent eddies. This explanation, however, must be
re-examined because of the correspondence of Figure 4a with the Reference 6

results and the differences between Figures 3 and 4.

6.3 Turbulence Effects on a Cassegrain Heterodyne Receiver

To illustrate the effect of a Cassegrain receiver geometry (a customary
LADAR design) on heterodyne detection efficiency, Figure 5 shows the effici-
ency reduction with increasing Integrated turbulence for the same conditioms
assumed in Flgure 4 obscuration having a radius of 20 cm. The Figure 5
results, calculated from Equations (7), (17), (30) and (31), indicate that the
central obscuration generally has the effect of lucreasing the heterodyne
efficiency cver a similarly configured unobscured receiver, although anomalies
are apparent for the high Fresnel number calculation (Q = 16, R = 1.1 km).
This conclusion is expected because of the largar relative size of the
coherence length with respect to the unobscured aperture dimension. If the
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Figure 5. Calculated heterodyne efficiency as a function of integrated turbulence for a Cassegrain
receiver geometry. Calculations assume A=Ly=0.3 m, fQ =f,=0.5m, A=10.6 um, and an
inner (obscuration) radius ot P;; =0.2 m and outer (receiver aperture) radius
of P, =03 m,

integrated turbulenze number, W,, i1 redefined to more accurately reflect the

integration area of the Casseg::s recelver, the apparent benefits of a

Cassegraln geometry disappear.

6.4 Speckle Effects on Heterodyne Efficlency

Conical-Target Scattering

‘Numerous calculations have been performed using the analyses summarized

in Section 5 to assess the effects of phase~front distortions resulting from
target speckle on the heterodyne efficiency., Illustrative of the types of

speckle effects that are encountered are the cone scattering efficlency

calculations shown in Figure 6. The Figure 6 data show the variation ia

heterodyne efficlency as a functicn of the aspect angle of a conical target
having a metallic rough surface such that the bidirectional reflectivity of
the surface is that shown in Figure 7.

function is typical of many rough surfaces and was used to ca’culate the

projected conical-target cross section per unit area (dzg/dgz) with the aid of
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Figure 6. Calculated heterodyne-detection efficiency as a function of viewing angle for a conical target
having a base radius of 0.25 m, a height of 1.0 m, and a surface finish characterized by the
bidirectional reflectivity distribution depicted in Fig. 7. The fixed parameters of the calculation
are A=P=2.5 cm, f,=f, =25 cm, Ly=5 cm, C: =10-14 m~2/3, and range (R) values
are annotated,
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Figure 7. Laser backscatter bidirectivnal distribution funciions for hypothetical metallic rough-surface
materials having two scales of roughness chi racterized by the ROSSCO parameters; ko = 0.2,
kH=5.0, k¢=3.0, s=0.6, m=1.0, n=100.0, and o« =0,
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the ROSSCO code summarized in Refer.nce 11, The heterodyne efficlenciles,
plotted in Figure 6 for various ranges, were computed from Equatiouns (18),
(25), (26), and (27) using the four-fold numerical integration employed in the
generalized efficlency code of Sectlon 7 that has been shown to be

convergent, The Figure 6 data differ slightly from the corresponding results
deplcted in Figure 25 of Reference 1 because of the modified integration
limits employed in the more recent calculations, although the magnitude and
trends of the two sets of calculated data are similar, verifying the modest
effect of the changed iantegration limits on the calculated results. The
Figure 6 data basically deplct the decrease in heterodyne efficiency with
increasing projected target-radiance solid-angular subtense (resulting ian a
smaller radial coherence length). It is also clear from the longer-range data
of Figure 6 (note the crossing of the R = 5 km and R = 10 km data) that
atmospheric turbulence eventually becomes the dominant factor in determining
the efficiency after the solid angle is reduced sufficiently. Thus there is
an optimum range for maximum detection efficiency depending upon the targot

characteristics and turbulence conditions.

Tactical Aircraft Simulation

To pcovide an indication of the heterodyne detection efficiencles that
might be expected in a more real’ tic laser-radar detection scenario,
efficiency calculations were perfo. ed using the simulated, tactical aircraft,
projected cross—section deplcted in Figure 8. The Figure 8 cross-section
distribution assumes a spatially constant laser bidirectional reflectance
function of p” = 5 x 10_3 srhl which corresponds to the sample D of Reference
11 (green paint on metal) at a backscatter angle of 70°. This reflectance
function yields a total target cross section of 48 cm?. For calculational
purposes, the target distr.bution of Figure 8 was discretized into a 20 x 20
grid ahd calculations were performed as a function of range, Figure 9, for the
fully illuminated target and as a function of beam size, Figure 10, at 4 km.
The transceiver parameters were those employed for many of the previous

calculations and were chosen to be representative of a compact installation.

Two simple range proportionalities (R and R4) are depicted in Figure 9 to
illustrate the fact that the heterodyne-efficiency range dependence decreases

more rapidly than R4 for close ranges, increases less rapidly than
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Figure 8. Simulated tactical aircraft nose-on projected cross-section The laser bidirectional-reflectance
function is assursed to be p' =5x 103 sr'l, The superimposed anulii represent the assumed
filluminating-beam radii used for heterodyne efficiency calculations.
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Figure 9. Culculated heterodyne-detection efficiency as a function of range for the simulated tactical :
aircraft target depicted in Fig. 8, Straight lines indicate the slopes of efficiencies proportional :

to R and R4 as indicated. The fixed parameters of the calculation are A=P=2.5 cm, i
i

fo=f,=25 cm, Ly=5 cm, A=10.6 um, and C2=10m2/3,
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Figure 10, Calculated heterodyne-detection efficiency as a function of illuminating-beam radius for the
simulated tactical aircraft target depicted in Fig. 8. The fixed parameters of the calculation are
A=P=25cm, fo=f,=25cm, Ly=5 cm, A\=10.6 um, C3=10"1¥ m'?/3, and R=4 km. The
illuminated-area laser-radar cross section is plotted and the product of the calculated
heterodyne efficiency and laser-radar cross section is shown as a relative magnitude.

R for long ranges, and caanot be modeled by a simple puwer relationship, as
one might expect from a simple coherence area argument. The rapid decrease in
heterodyne efficiency for close ranges implies that focusing optics may be
required for an operational large-aperture system to maintain an acceptable
signal-to-noise ratio because the signal ifucrease with decreasing range will
be proportional to only R% (as a result of the radar range equation). The net
decrease in signal-to-noise ratlo that Figure 9 implies for close ranges may
be unacceptable for certain applications., Because the typical dimensionality
of a speckle cell decreases inversely with the range (if the target is quasi-
homogrneous) one might expect that the efficiency should decrease inversely
with R? because the efficlency 1s related to the integral of the coherence
area (Equation (1)); however, Figure 9 shows that this is not the case. Also,
Figure 9 shows that because of the large extent of the target, a unity
heterodyne efficiency is not achleved at any range because turbulence effects
become important at the ranges where the target speckle effects become
unimportant (> 10 km). Although efficiencies at ranges greater than 10 km are
not shown in Figure 9, the efficlency decreases at ranges much greater than

10 km because of atmospheric turbulence.
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Figure 1) demonstrates that the heterodyne eft.clency can be increased by
decreasing the i1lluminated target area; however, the converse tehavior of the
lager-radar cross section, also plotted in Figure 10, demonstrates that the
net gain is modest. Because the actual signal-to-noise ratio is proportional
to the product of the heterodyne efficiency and the signal power (which is
proportional to the laser-radar cross section), the product of the heterodyne
efficiency and laser-radar cross section is plotted in Figure 10 to illustrate
the velative actual signal-to-noise ratio. The Figure 10 results indicate
that the actual signal-to-nolse ratio does not decrease beyond a beam
divergence angle of 0.25 mrad. It should be noted that the constant values of
heterodyne efficiency and laser-radar cross section indicated for the smallest
values of beam radius, result from the finite discretization of the target

cross section distribution and are not physically meaningful.

To demonstrate that the general trends illustrated in Figures 9 and 10
are not unique to the target geometry assumed for the calculatious,
corresponding results are shown in Figures 11 and 12 for a Schell-model target

that would correspond to a uniform diffuse target illuminated with a Gaussian

Heterodyne efficiency

0.01 l | | |
0 2 4 6 8 10
Range (km)

GPM-1199-5

Figure 11. Calculated heterodyne-detection efficiency as a function of range for a Schell-model targst
with a 1-m amplitude radius. Straight lines indicate the slopes of efficiencies proportional to
R and R? a5 indicated. The fixed parameters of the calculation are A =P =2.5 cm,
fo=1f,=25cm, Ly=5 cm, A\=10.6 um, and C}=10-14 m2/3,
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Figure 12. Calculated heterodyne-detection efficiency as a function of the amplitude beam radius for a
Schell-model target. The fixed parameters of the calculation are A=P =2.5 cm, fo=1,=25
cm, Ly=5 cm, A=10.6 ym,Cf‘= 10°™ m-2/3, and R =4 km. The laser-radar cross section is
proportional to the integrated intensity distribution, which is proportional to the square root
of the beam radius, which is also plotted. The relative magnitude of the product of the
heterodyne efficiency and laser-radar cross section is also illustrated.

beam. The amplitude radius assumed for the range-dependent heterodyne-
efficiency calculation shown in Figure 11 was 1 m., Note that although the
magnitude of the efficiency values shown in Figure 1l differ from Figure 9 (as
one would expect), the functional dependence is not radically different, and
similar conclusions may be inferred regarding the necessity of focusing optics
and the ultimate effects of atmospheric turbulence with increasing range.
Similarly, the effects of beam radius shown in Figure 12 demonstrate that the
actual signal-to-noise ratio does not decrease beyond a given beam radius for
the Schell-model target, although a somewhat larger beam divergence is
indicated for this transition. It 1s worth noting that there is a peak in the
actual signal-to-noise ratioc, although it is not illustrated in Figures 10 and

12, because the signal, perforce, goes to zero for zero beam radius.

Test Panel Calculations

A test panel configuration was devised as a simple target that could be
used to validate the results of the analyses of this study in future
experimental tests., Figure 13 depicts the suggested panel configuration
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Figure 13. Depiction of suggested test-panel configuration consisting of either four 10 cm x 10 cm
squares Iccated at the corners of a square with dimensions up to 2 m X 2 m, or a square
of dimensions up to 2 m x 2 m. The panel material is assumed to have a laser-radar cross
section per unit area of 10-2,

consisting of either small square panels, located at the corners of a large
square, or a large square target of equivalent dimensiocans. Figure 14 shows
the results of heterodync-efficiency calculations performed as a function of
the target dimensions assuming the transceiver parameters employed for the
previous calculations. The Figure 14 data provide an interesting comparison
between the exteuded target case that has previously been analyzed, and the
separated t;rget case (having a constant laser-radar cross section for various
separations) that obviously gives rise to a lobing structure in the predicted

heterodyne efficlency as a function of panel separation,

Several conclusions can be inferred from the separated-targec heterodyne-
efficiency curve shown i{n Figure 14. First, because the calculated negative
heterodyne efficiencies, pletted as positive values in Figure 14, follow a
continuous curve with the calculated positive values, it 1is reasonable to
assume that they are, indeed, meaningful efficiency values. Thus, the
physical interpretation of negative efficiency values (discussed in Section 5)
as representing a quadrature component is valldated tc the degree that no

other physical interpretation seems reasonable.

30

AT I T




1.0
-

A Square target
o Corner target (positive valves)
e Corner target (negative valvey)

;'A
H
i
§

0.1

0.01

Heterodyne efficiency

\
0.0¢ lO 2 4 6 8 10
X =y coordinate ARINIT X

; Figure 14, Calculated heterodyne-detection efficiency as a function of target extent for the two test-panel
| configurations shown in Fig. 13. The fixed parameters of the calculation are A=P=2.5 cm,

fo=f,=25cm, Ly=5cm, A=10.6 um, C2=10"" m'2/3, and R=1 km. The data plotted as
(@) are calculated values of the heterodyne efficiency which are negative, but have been plot-
ted as positive quantities.

Second, the lobing pattern, observed in Figure 14, is redolent of a
tringe visibility pattern, such as one might obtain in a coherence
experiment, Indeed, coherence effects are responsible for the degradation in

heterodyne efficiency and, because 2f the correspondence of speckle effects

with limited spatial coherence8, it 18 not surprising that separated objects
should give rigse tu a fringe-like visibility pattern at the focal plane that
varies with target separation in an analogous fashion to the fringe visibility
technique used to measure stellar diametersl?. This correspondence can be
demonstrated by consideriag the inverse problem of measuring the receiver
aperture (now interpreted as an incoherent disk source) by measuring the
Eringe visihility at Lhe target plane, The first null in Figure 14 is
observed for a panel separation of 1.2 m, which would imply a disk size 10 of
apprcximately 1.1 cm for the inverse problem i1f the frianges were obtained from
two point souvces. The fact that the panels are finite and arranged in a
square fashion, coupled with other optical factors, accounts for disagreement
between the prediction and the actual aperture diameter of 5 cm, Calculations

of the heterodyne efficiency for two small panels (analogous to the pinholes
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1o a Young interference experfment) ylelds a null for u separation of 0.25 m,
which corresponds to an aperture diameter of 5.2 cm for the inverse problem,

which is 1in good agreement with the actual aperture diameter,

Finally, it {s noteworthy that the lohiug pattern shown in Figure 14
would be replicated {n the measured signal-to-noise ratlo of a laser-radar
gystem, as well as the heterodyne efficiency, because the laser-radar cross

section of the target does no. vary with separation, Thus, the suggested test

panel configuration provides a relatively simple means of testing some of the

key predictions of the analysis, namely (a) coherence effects and (b)

quadrature components.
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7. GENERALIZED LASER-~KRADAR HETERODYNE-EFFICLIENCY
COMPUTER CODE

The computer code LADAR that calculates the laser-radar hetecodyne
efficlency for elther a Schell-model target or general target cross-section
distributions (assuming either a clrcular aperture or Cassegrain recelver
geometry) is listed below. The code listing 1is preceded by a brief exposition
of the input parameters required for its operation. All iaput parameters are
in ST units. The code assumes a laser wavelength of 10.6 um, which
corresponds to the peak in the galn cur