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1.0 INTRODUCTION

1.1 Program Objectives

This document constitutes the final report for the Wind
Velocity Measurement phase of the Doppler Flowmeter Contract
Number NAS 8-20413. The objectives ~I this program are three-
fold:

1. To demonstrate the feasibility of remotely
measuring the velocity of both clear and con-
taminated air.

2. To perrorm system analyses of both short and long
range remote optical heterodyne wind velocity mea-

surement systems.

3% To investigate the scattering properties of the
atmosphere.

1.2 Program Summary

The program effort consisted of an analysis of short and
long range Optical Doppler Wind Velocity and Turbulence measure=-
ment systems which is included in Section 2, along with a rigor-
ous analysis of the coherence area associated with diffuse tar-
gets. Analyses indicated that this source of loss would pre-
dominate and therefore a detailed study was conducted. The
results indicate that if the transmitter and receiver optics are
matched, a diffuse target loss of the order of 3.5 db is ex-

pected in the far field of both transmitter and receiver.

The determination of the atmospheric target cross-section
is essential to the practical measurement of atmospheric effects
with a Doppler system. Due to the limited funding of this
program an answer to this ~ould not be fully obtained; hence a
theoretical analysis indicating additional requirements was con-

ducted and is presented in Section 3. The discussion involves

1-1
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the distinction between Rayleigh ard Mie scattering. Results
of the literature search conducted to determine particle size
distribution and particle number density illustrated the total
lack of measured data at the 10.6 micron wavelength and drama-

tized the need for such measurement.s in order to predict the
atmospheric target cross-section.

Section 4 discusses the experimental measurement program.
Results of atmospheric tests indicated that returns were obtain-
ed for clear air, sinoke, haze, rain and leaves althocugh the sys-
tein did not have collecting optics and suffered 25 db non-
optimum system loss. This loss appears to be caused by the op-
tical heterodyning efficiency being lower than anticipated. 1In
order to resolve this 25 db discrepancy between theoretical pre-
dictions and actual measurement the experimental program focused
on a detailed analysis of the 10.6 u Cu:Ge detector. Experiments
were per formed to:

(1) determine the characteristics curves of the detector
(2) verity the heterodyne equation
{3) measure the noise sources

(4) determine coherence areas

At the conclusion of the contract these measurements were
still continuinag and an indication of optimum detector operating

conditions was evolving.

1.3 Conclusions

At the end of this program it is possible to draw some con-
clusions concerning the feasibility of constructing a remote
Optical Doppler Wind Velocity System. The success 1in obtaining
returns from targets such as haze, rain, and smoke with a non-
opt imum system leave little doubt that such a measurement sys-
tem can be built. Continuing studies will make it possible to

operate the detect or at best biasing conditions, which hope-

fully will recover much of the missing 25 db. Similarly, a
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stabilized laser will make measurements easier, more reliable,
and more noise~free. The analysis contained in Section 2 on
diffuse target losses has shown that previous estimates of this

number were exceedingly conservative and that diffuse target loss
in the far field may prove to have little significance.

At this point expectations for future Remote Wind Velocity

Measurement Systems are guite optimistic.
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2.0 SYSTEMS STUDIES

2.1 Introduction

The performance of any system depends upon many factors.
One of the most significant considerations, hcowever, must be
the system signal-to-noise ratio. In this section of the report
this factor wilil be analyzed, and the performance of a lossless
system will be discussed. In this connection, the optimal sys-
tem design will be shown to depend upcn range and wind velocity.
At short range, a CW optical heterodyne Doppler detection system
is recommended, while at longer ranges a pulsed Doppler hetero-
dyne system is more desirable.

Having studied the lossless system, one of the most signifi-
cant loss factors will be treated in detail. When a signal is
scattered from a diffuse +arget, the scattered return has less
cpatial coherence than the same signal scattered from a specular
target. This loss of coherence gives a smaller output after
heterodyning than an identical specular return. This difference
is called the diffuse target loss.

The diffuse target loss has been analyzed by two different
techniques in the course of this program. The traditional cptical
approach w«w1ll be treated first. This method involves several
assumptions whose validity 1s range dependent, so significant
errors may result in the far field. For this reason a rigorous
analysis valid only in the far field 1s pr=sented. A similar

derivation is still required at shorter ranges.

2.2 Parametric Analysis

The feasibility of an optical Doppler system to remotely
measure the return signal from atmospheric particles centers
around the S/N equation. The S/N power at the ouinut of the
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receiver for a monochromatic source is:

P._ P
/4 Bhfls%-gpm-bp ’
[ Lo N AMé]
(2-1)
where: 1 = Detector Quantum Efficiency
Psig = Received Signal Power
PLO = Local Cscillator Signal Power
PN = Equivalent Optical Noise Power
PAMP = Equiya}ent Noise Figure Power of Post Detection
Amplifier

B = Electronic Bandwidth
h = Planckis Constant
f = Transmissicn Frequency

Typically, in a coherent detection process, the local os-
cillator power may be increased to a value such that the noise
associated with it is much greater than all other noise sources.
As a result of this the S/N egquation becomes equal to the product
of the detector quantum efficiency and the received signal power
and inversely related to the electronic bandwidth, transmission
frequency and Planck's constant.

Replacing the received signal power expression (Psig) with
its equivalent expression for an extended Lambertian target, the
S/N equation may be observed to be a function of:

n Pp DR2 x B xL
2

4 hf R B

S/N =

(2-2)

where: = Transmitter Power
= Receiver Optics Diameter
= Aerosol Scattering Coefficient

= Length of Scattering Volume

I R w B o
o A3

= System Range
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Of particular note are four parameters: 1) transmitter power
(PT), 2) electronic bandwidth (B), 3) the aerosol scattering
coefficient (B), and 4) the length of the scattering volume (L).
Typical system analyses usually revolve arocund determining the
amount of transmitter erergy required to perform a chosen task.
However, for remote wind measurements at large distances, typi-
cally we are transmitter power limited. Referring to the elec-
tronic bandwidth and the length of the scattering volume, we now
see that the interface between the turbulence and the turbulence
detection system manifests itself in the interaction between the
particulate matter velocity with the laser beam. Doppler shift
occurs when there is a relative motion between the laser beam and
a target.

The equation for the Doppler frequency shift (fd) may be
expressed as:

2V
fd g cos §
(2-3)
where: V = Relative Velocity
A = Transmission Wavelength
¢ = Pointing Angie between Relative Velocity Vectors

Ccrrespondingly the Doppler spectral bandwidth (Afd) caused by
the uncertainty of wind velocity (AV) over the sampled volume is
similarly related.

Afd X cos

(2-4)

The processing bandwidth may then be determined by the in-
stantaneous velocity spread (iV) expacved within the target vol-
ume. If a differential velocity spread of one meter per seccnd
occurred over the sampled volume than a 200 kHz processing band-
width would be required at a 10.6-micron cperating wavelength.
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Correspondingly, for a 15 M/sec differential velocity, a three-
megacycle bandwidth requirement would exist.

In most Doppler System applications the target does not
assume a significant differential velodcity within the beam
and, therefore, the bandwidth of the returned Doppler spectrum is
relatively small compared to that required in a pulse system util-
izing ideal matched filter concepts. As the Doppler bandwidth re-
rirement increases, the CW output power requirement increases
correspondingly to maintain the same S/N ratio (refer to Equa-
tion(2-2)). The inherent advantage of coherent CW operation,
i.e., significant power savings by narrow banding to the relatively
narrow Doppler spectrum, is then reduced by the degree of bhandwidth
broadening caused by the differential velocity.

The Doppler bandwidth requirement for a differential wind
velocity of one meter/second is of the order of 200 kHz, which is
identical to that requirecd for a matched filter where the pulse
width is five microseconds. One must ronclude, therefore, that
for the situation discussed the average power required for a CW
system would be substantially greater than the average required
in a pulsed system. The use of a CW Doppler technique, therefore,

appears inefficient for use in a long range system.

Because of the spectrum broadening caused by the turbulent
wind velocity, a pulse type laser technique is indicated for 2
long range system having sufficient Doppler shift to make suita-
ble measurements.

The choice of transmitter pulse width may be shown to di-
rectly affect:

1. Signal-to-Xoise Ratio (S/N)
2. The Sampling Length (L)
3. The Velocity Resolution (aAf)

This indicates that the pulse width should be as large as possible

consistent with the Doppler broadening anticipated over the in-
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cremented measurement length. As this length increases the differ-
ential velocity expected would increase, and therefore, larger
bandwidths would be required. Theoretically then, either a CW

or a pulse heterodyne system could be used for Doppler detection
of the velocity of particular matter in the atmosphere.

At very short ranges a pulse Doppler system might suffer T/R
switch recovery time limitations and an insufficient number of
Doppler cycles, and, therefore, a CW system would be more practi-
cal. Correspondingly, at long ranges the use of CW Doppler sys-
tems would seem impractical from the standpoyint of transmitter
power requirements and a pulse Doppler system would be indicated.

2.3 Optical Analysis

The signal-to-noise ratio in heterodyne detection at micro-
wave frequencies varies as the square cof the collector diameter.
At optical freguencies, however, this is not the case. Rather,
for very small collectors there is a quadratic behavior, while
for larger collectors the signal-to-noise ratio appears to be
independent of collector diameter. This effect s explained by
an analysis of the coherence of the scattered signal.

Most targets scatter diffusely at optical frequencies.

This means that light scattered from the target has little spatial
coherence at distances close to the target, and, in fact, the
target can be assumed to P2 a source with zero spat:ial coherence.
The amount of spatial coherence increases as the distance from

the target increases, so that at the plane of the collector, the
scattered radiation has a non-zero coherence area. The degree

of spatial coherence between two pcints in a plane normal to the

radiation's propagation vector is given by:

2 J1 (x)
X
(2-5)
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. 4 -2—n 2
where: x = X R D

(2-6)

[}

wavelength of radiation
= radius of target
distance to target

= distance between points in plane

4 v x®m o >
]

1 < Bessel function of first kind and first order

The function 2 J1 {x)/x decreases monotonically from a value of

1l when x = 0 to a value of 0 when x = 3.83. Because of the math-
ematical complexity, it is usually assumred that only the region
for which x < 1 is useful for heterodyne detection, and in this
region the radiation is completely spatially coherent. For larger
values of x, it is assumed that there is no spatial coherence, so
the region is useless for heterodyning. (This can be seen to be

a conservative assumption since 2 J; (1)/1 = 0.88.)

Using this information an effective collector diameter from
Equation (2-6) can be defined for x = 1:

. AR
PErr = 27 IS
(2-7)
or
.16 A R
Derr = :
(2-8)

According to the above assumptions, for heterodyne detection DEFF
should be used in place of DR in Equation (2-2) for the signal-
to-noise ratio, so the diffuse target loss equals (DEFF/DR)Z.

Substituting Equétion (2-8),

diffuse target loss

L
- [
o)]
>
o)
—

(2-9)
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From these remarks, conclusions can be drawn that are rele-
vant to a particular system. For a coaxial heterodyne system,

where the target intercepts all of the transmitted radiation, three
cases can be easily evaluated. At a distance very close to the

transmitter,
2 (2-10)
so
32 A\ R 2
diffuse target loss = (:TT_TT__)
T "R
(2-11)
where DT = transmitter diameter. At one far field distance
_ 2 , o .
(R = dpp = D /\) for diffraction limited optics,
= D,
T (2-12)
so
16 A R 2
diffuse target loss = (Lﬁ———ﬁ—)
TR (2-13)
At many far field distances for diffraction limited optics,
= &
e 5 R
(2-14)
where g = beam divergence angle. 1In the diffraction limit,
a . 1.22
2 DT
(2-15)
so, 16 DT 2
diffuse target loss (1753—5;)
(2-16)
2-7
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or, 2
diffuse target loss = 0.017 »;Z)
(2-17)
This last result will be shown in the sections that fcllow to be
incorrect. This error results from the conservative nature of
the assumptions made in this section. The assumptiors, however,
become more valid at distances closer to the collector. Errors

involved in Equation (2-11) and Equation (2-13) remain to be

evaluated.

More generally,
. R
= D [1 + 1.22 ‘——- 1”
T A
(2-18)

so the diffuse target loss can be evaluated at all ranges. The
range limitations of this technique, however, are not completely

understood.

2-8
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2.4 Far Field Diffuse Target Losses

2.4.1 Introduction

Diffuse targets are frequently encountered by thestandard
microwave radar system in the form of rain, snow, chaff, and

various forms of clutter. Many aspects of the rad.ir response
from these targets have already been discussed in some detail
(Reference 1) and so the problems are by no means new.

For the intended application there are a few important aspects
whichrequire additional attention. In particular, we would like to
know: (1) How much heterodyne signal (i.e., coherency) do we
lose because of the diffuse random nature of the target? and,

(2) For a givern transmitting antenna what is the optimum size for
the receiving <ntenna?

In what fo, lcws we present a calculation based on a simple
yet realistiec model of the situation. Analytic expressions are
obtained for the variation of the heterodynesignal with size of
the receiving antenna and for the amount of coherency lost due
to the diffuseness of the target. The results have a straight-
forward physical interpretation which is discussed.

2.4.2 Target Characteristics - Incocherent Scattering

The target of interest consists of a large anount of small
scattering centers (dust particles, water Jroplets, etc.) dis-
tributed diffusely throughout the target volume. While there
may be only relatively slow macroscopic variations of the densi-
ty of these scatterers in space and time, on a microscopic scale
the individual scattering particles will be randomly distributed
in space and subject to rapid small changes in position and
velocity with time (i.e., Brownian motion).

2-9
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At the receiving antenna therefore the returning radiation
consists of a large number of small contributions each with a
phase which depends to a large extent on the precise position
and velocity of the scattering particle at some instant in *ime.
Since these distances and velocities are random (on the local
scale) and are fluctuating rapidly with time in a random manner,
the overall result is random phases which effectively decouple
the effect of one scattering center from all the others such

(D

addition, if the scattering particles were not all precisely

that the time averaged return signal is incoherent In
identical then the scattering phase shifts would have a further
tendency to vary randomly from particle to particle.

Thus, the effects of such a diffuse target can validly be
computed by considering a single scattering center, finding
the signal generated in the receiver processing as a result of
this scatter alone and summing the independent signal powers
arising from all the scatters to obtain the total time averaged
incoherent signal which will be observed. 7In this particular
case the processing consists of heterodyning the return signal
with a known signal from &2 stable reference oscillator and ob-
serving the magnitude of the detector response generated at the
difference frequency (i.e., between the refe¢rence and the Doppler
shifted return). We therefore must add the heterodyne signal
powers due to each of the scatters in the target volume computed
as if each were totally independent of all the others.

2.,4,3 The Model

For simplicity let us suppose that the scatterers are

limited to a thin slab in the xy plane of thickness Az in which

(l)Kerr, D. E., "Propagation of Short Radio Waves", Boston 1lech-

nical Publishers, Inc., Lexingtocn, Mass. (1964).
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they are uniformly and randomly distributed. Withou: loss of
generality we can further assume that all particles have the
same average velocity relative to the transmitter .receiver and
hence we deal with only a single Doppler shif: and only one
heterodyne frequency. The general case is easily obtained by
summing over all velocities recognizing that the density of parti-
cles in the one velocity case refers only to those scatterers
having that particular velocity. The Brownian motion velocity
effects will be included only in so far as they contribute to
making the return "incoherent" and thus permit the cslculational
procedure'suggested above (i.e., sum independent signal powers) =
potential Doppler broadening effects are not included explicitly.
All particles are assumed to be identical and hence :o produce
the same intensity backscatter. The transmitting ard receiving
antennas are assumed to be placed on the Z axis in the xy plane
at a large distance z from the scattaring layer (%f << 1) such
that the scatters are in the far field of both anternsz. When
necessary, for mathematical simplicity, the antennas are taken to
be square although in practice standard circular antennas are te
be anticipated, (See Figure 2-1),.

For a wave amplitude E(xyz) propagating along the z axis
with diffraction spreading in the xy directions th: appropriate
approximate form of Huygen's principle is

e
>

[(x - x? . ly - y’)z]

N

E(xyz) = Q%E eikz_[I.dx'dy‘ E(x'y'z=0) e

(2-19)

where k = 2n,/\, E(xyz) is the amplitude distribition in the xy
plane at z = z ard E(xyz = 0) is the amplitude distribution in
the xy plane at z = 0, and z is assumed to be large enough that
z/\ >> 1.
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In the fa: field with z 9 » the quadratic terms in the
exponential become negligible and we find

ik (xxt + yy')

~ 2ik _ikz . T oz
Blxy2)gar field - z ¢ jj dx'dy' E(x'y'0) e

(2-20)

Thus if on the transmitting antenna's surface we have a
plane wave distripbution of uniform amplitude Eo, then

E, if (xy) is within the antenna aperture

E(xyz=0) = 0, if (xy) is outside the antenna aperture

and the incident field in the scattering region at z = z is given
by

ik )
; B - — (xxl -+ YY')
~ 2ik _ikz 2z
Einc(xyz) == e Eo_f dx'dy* e

Antenna
Aperture
sin kaTx sin Ei!!

iz _ikz 2z 2z

2k o x Y

(2-2}
vhere an is the length of the edge of the transmitting antenna.

A single particle at the point r = (xyz) would scatter a
wave back toward the antenras the amplitude of which would be
proportional to an appropriately defined backscatter cross-section
and to the incident field Einc(xyz)(ﬁquation 2-21). Since the
backscatter cross-section is taken to be the same constant for all
particles we will make no explicit reference to it and consider
simply that the scatterer acts 2s a point source at (xyz) with a

strenqth proportional to E(xyz). Equation{2~19) can be used
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again to compute how the back scattered wave propagates towards
the antennas and we tind for the scattered field E (x"y"0) in

scat
the z = 0 plane,

- .:!'_]S. (XX" + YY")

2i ikz E z

E {x"'y"0) ~ == e

scat 2 inc(xYZ) e

(2-22)

On the receiving antenna in the z = 0 plane we also supply
= plane wave reference signal Eref(xyO) - Eref = constant, which
propagates precisely along the z axis. The total amplitude re-

ceived is therefore E eiwot + E eiwlt and the heterodyre

scat ref

current i, . at the frequency (wo - wl) will be given by

v f *
‘iﬂet! ~ 'jj’ Eref Bscat dx"dy" '

Receiving
Antenna
Zk - - % (XX" + qu)
~ = IErefl lsmc(xyz)lffe dx»dy"

!
N

ka_x ka y
z ) o 2
2k !Eref! ’Einc(xYZ)l x Y

(2-23)

where ap is the length of the edge of the receiving antenna.
The heterodyne power PH et
will be proportional to the current squared; i.e.,

due to the scatterer at (xyz)

. 2
pHet ~ llHet'

(2-24)
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As discussed above, the total heterodyne power due to all
the scatterers in the target volume is given by summing Equation
(2-24)over all scatterers. Assuming a uniform distribution of
scatterers in the scattering volume with a density N, we find
for the total heterodyne povier

® . 2
' o kagx kaRx
: sin sin
(Pyer) ~'3L‘ lE__ |2 [E_|®N 12| | ax 22 22
, il e 2
| - 2
} ® kaTy ka_ y
sin —7— sin — \
| dy 2 /
[ b4

(2-25)

We have substituted from Equation(2-21} and assumed that the
variation of z within Az is negligible (i.e. %% << 1) so that alil
z's can be taken toc be a suitable average such as, 2z & the dis-
tance to the center of the target slab, and the z integration
becomes simply

AZ

z + ?r

dz' F(z') =< F(z) 2z

The integral- 1n Egquation (2-25)are discontinuous but can be

readily evaltuated to give

@

. . 2
dx sin BTx sin BRx g 2 5 Es\
2 < >7 3 )
\ X
= (2-26)
2-15
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where B, is the lesser of BT and BR and B> is the greater. 1In

addition the total transmitted power P, and the total reference

T
signal power PR can be related to Eref and Eo as
P P
IEOIZ':%' Yy
T
and
|E lzeiﬁggi—g
re¥ _ 2 A
®r ‘R
(2-27)
where AT = aTZ ® 3area of transmitting antenna and AR = aR2 E area
of receiving antennsa.
Combining Equations (2-25, 2-26 and 2-27) we obtain
finally
( 3/2 2
A A
A, -2 R LR A oca
2 R~ 3,172 R T
2~k . e = Ap QAT
et 2 R T
Total
3/2 2
e SN S
Rr -3 7173 R Ar
\ Ap g
(2-28)

This is plotted in Figure (2-2) as a function of the area AR of
the receiving antenna, For very small values of AR the receiving
antenna has a wide beam pattern and thus "sees" the scattering

‘'vclume as if 1t were a point scurce and fully coherent. As Ap

increases ir size the heterodyne signal grows linearly with AR

and the signal remains essentially fully coherent until the
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receiving antenna pattern shrinks enough that the scattering
volume no longer appears as a single point source. As the re-
ceiving area (AR) grows significantly larger than the area (AT)
of the transmitting antenna, the region of the scattering volume
"seen" by the receiver gets smaller and smaller. Thus the effec-
tive backscattered signal source becomes a point source with a
strength proportional to 1/AR. The total signal collected is
proportional to the strength of the effective point source

(l/AR) times the area of the receiving antenna (A_) and hence _
limits to a constant (l/AR X AR)VWhich is independent of the size
of the receiving antenna.

In order to calculate the loss in heterodyne signal due
to the diffuse nature of the target let us calculate the heter.-
dyne signal which would be obtained if all the backscattered
energy received by the antenna was in fact fully coherent. The
total energy received by the antenna is given by

; 2
Protal ,-[JJ’N IEscatl dxdydz x Ap

Scattering
Volume
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The amplitude of the coherent wave having the same power would

be proportioral to V(PTotal)/AR and the resulting heterodyne
current is '

P
W/ Total
liHetI ~ AR 'Erefi A

- R
(2-30)

and the effectiive fﬁlly coherent heterocdyne signal power would be

2 2
(p,_.) ~ lig 1 ~na, |E__|°P
Het Coherent Het R ref Total
2
-~k
| X
~ i2zj N 3% P Pp Ag

(2-31)

We can now compute the ratio (R) of the actual heterodyne power
(Equation 2-28) to the equivalent fully coh~rent signal (Equation
2-3Y; to obtain the fractional reductior due toc the loss of co-
herency induced by the diffuse value of the target. We find

S ——
A A,
2~/ R, 1R ‘
) L-3 VR "5 (AT} Ar = By
R =
3/2 2
\AR Al 9 \Ag R T

(2-32)

For small values of Ap we see R » 1 as expected, while for large
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values of Ap we find R -.AT/AR » 0. This result, expressed in

terms of db loss, is presented in Figure (2-3) and represents the
answer to the first question.

To answer the second question as to the size of the
optimum receiver antenna we see from Figure (2-2) that in fact
there appears to be no optimum. An infinitely large antsenna
gives the maximum signal. However, it is sasy to see chat one
cannot gain a great deal by making the anteana muer bigger than
the transmitting antenna. The conditien of eguai anteonna aize
(Ap = A;) results in a signal which is abeut 45 pereent of t'.e
maximum possible. Doubling the reeeiving antenna eize (i.e.,

A = ZAT) only improvez the signal e 60 percent of the optimum

R .
and further gains come slawly,

2.4.4. Gaussian Output

The above calculation can easily be carried out for
the case of a Causcian output beam where the field intensity in

the aperture :f the transmitting antenna varies as

) 2 + 2
2a°2
Eo(xyz=0) ~ E e

(2-33)

and there are no important diffraction effects from the edges of
the antenna. The receiving antenna, reference signal and scat-
terers are the same as in the above calculations. Defining an

effective transmitter area A, = 4n a 2 we find for the heterodyne

(o]
power
r ‘\ /'—— —Wﬁg .'
2 A A " A
i2rk \ R 1 o o
pHet"(—%—’ N iz Pp Pp Ao[erf(v"ao/"n'v AR(l -e J
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-2
where erf(x) = 2/7/7 | at e a the error function.

For the loss of coherency (R = »._ /(P ) ) we get
Het Hot coherent

2
AR

A, [ ( Ag \/r( ”‘-“)

o ! ~ "R . 1 (4 (o)
R.—'erf U emmm | me — l_e

AR]_ v A ™7 VA,

Again as A, # O we find R » 1 (full coherency) while Ag » =,
R AO/AR. Thus, by choosing to define the effective transmitter
area as A, = 4 aoz, we find the asymptotic loss of coherency is

(2-35)

“identical to the result obtained for the case of the uniformly

illuminated square antenna. Equation (2-35) is plotted in Fig-
ure (2-3) along with Equation (2-32). With this interpreta*ion
of antenna size we see that in fact with respect to coherency the
difference between a uniformly illuminated square antenna of area

An and a Gaussian output of effective area A, = AT is rather small

for all values of AR

Using the same definition of effective transmitier area,
we can plot the heterodyre signal (Equation 2-34) for the Gaussian
case on the same graph as the results for the uniformly illuminated
cagse {Figure 2-2) and we sve that again there is very little dif-
ference between them. What this suggests is that the above simple
calculations already contain the essence of the situation and that
variations in shape of the antennas (i.e., circular vs square,
Gaussian, etc.) will result in only minor changes,
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| 2.5 Comparison of Diffuse Tardet Apalvees

The optical approach to diffuse target loes suffers from
its one simplifying assumption. It is unreasonable to approx-
imate the function 2 Jy (x)/x by a step function which eguals 1
for x = 1 and 0 for x > L. So the signal-to-noise ratic of a
system vsing a collector whose diameter is considerably larger
than DEPF will be larger than the calculated value.

This problem has been solved for a system operating with a
target in the far field of both the transmitter and receiver.
In the near field reaions, Fresnel integrals appear in the
derivation, adding corasiderable mathematical complexity. A tech-
nigue to adequately handle the near field - other than the opti-
cal methed - requires significant developmen:.

2-23
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3,0 ATMOSPHERIC SCATTERING

3.1 Introduction

 In the equations used to determine the signal-to-noise
ratic of any cystem heterodyning from the atmosphere, there is
- @ terw, : = the scattering coefficient, that represcnts the
acattering properties of the atmosphere. Previous reports have
indiecated that scatter from only the aerosol portion (not the
molecular components) of the atmosphere are useful. So the
value of # used in the signal-to-noise equation should be that
portion of the total scattering coefficient due to the aerosols.

This section will discuss the scattering properties of
the atmospheric aerosol. First the furndamentals of scattering
theory will be briefly discussed. Then the scattering cross-
section of spherical particies will be derived. (The particles
of an aero-el will be assumed to be spherical, since this will
be the case in any ° ime average.) Two theories will be used
to evaluare the scattering of individual spherical particles.
Rayleigh scattering applies to particles whose radius is less
than or equal to the wavelength of the incident radiationdivided
by 2=. Mie scattering is valid for all spherical particles.
However, the difficulties of computation make the Mie formulism
relatively unatiractive if other methods apply. |

To evaluate =, the cross-section of an individual particle
must be multiplied by the particle number density. Since the
aerosol consista of a distribution ¢f sizes, the product of the
seattering cross-section and the particle size distribution must
be integrated. The remainder of this section, tlrerefore, ana-
lyzes scattering by a collection of particles of different
radii, and then discugses models of the size distribution of the
particleés in the atmospr.~re. These models have been made on the -
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bLasis of experimental data., While this data is not completely

reliable, it can ke used to give an estimate of 5.

3.2  Scaiteri.iq Th2ory

A plane monochromatic electromagnetic wave with intensity
Ko and wavelangth A is incident on a particle. The scattered
light intensity, at a distance R - which is far from the parti-
cle - 1s given Ly (See Reference 1):
T P8,
I(z,z) = -_O—ZT
k™ R
(3-1)

where X equals 2-/. and - 1s the angle with respect tc the propa-

gation direction of the incident wave, and F(6,9) can be defined
by:

(3-2)

Equation {3-2) identifies F(:,;) 3as the relative amount of light
intensity scattered in the direction dencted by =,y. The scat-
tering cross-section can then be defined as:

= L frener a
o k2 jF(/,.) d
(3-3a)
or, substituting equation (3-2)
N RZfr_x;,_LL &
sc I,
(3-3b)
i e e e T S R o o AT et (S AR
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where d.. is the element of solid angle, sin ¢dfdyw. Therefore,
in discussing the scattering properties of particles, two concepts
are available. The term F({¢,y) describes the angular variation
of the scattered intensity, while the scattering cross-section

indicates the total amount of scattered intensity compared to the
total amount of incident intensity.

3.3 Rayleigh Scattering Theory

There exi1sts @ simplified scattering theory for spherical
particles, whose radius is less than or equal to ./2-, called
Rayleigh scattering. (The Rayleigh formulism 1s excellent for
very small particles, but may differ by a factor of two when
r =,;/2 .} In this case the electric field of the incident ra-
diation 1s assumed to induce an electrical dipole moment., These
dipoles the., become the source of the scattered field which has
the pattern of dipole radiation., Let the polarizability tensor

have principal value 2y and aq with eigenvectors E;, E;, and

321
H;. The 1ncident electrical field has components El’ Ez, and E3.

So the 1i1nduced dipole is:

> —» —> —
P < 2y By ny t3 K Ny va, By Ny
(3-4)
The electriczl field of a radiating dipole is given by:
lgﬂ - kzlg kin L e~1KR
R
(3-5)
where 1s the angle between ; and F. Since (see Reference 2)
I R
I"e..lgﬂ
(3-6)

where ¢ = speed of light. Equations (3-5) and (3-6) can be sub-
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stituted into Equation (3-3b) to give the Rayleigh scattering

cross-section.
87 .4 2
sc 3 L EY
(3=7)
where
2 2 2 2 2 2 2
la]® = 2% [a;1% + m® ja,|® + 0% |a,]
(3-8)

The letters £, m, n represent the direction cosines of g with
respect to the incident electric field. 1If the polarizability

i< 1sotropic,

oy
(3-9)

S . _ —> [ : .
then 3’15 in the direction of Eo' the incident electric field.

The scattered radiation field has two orthogenzgl plane-
polarized components: one with the electric field in the piane
of the incident and scattered propagation vectorz, and one nor-
mal to this plane. For the perpendicular component

v = 90°
[ (3-10)
)
So
k* Jal? 1
S i
r R
(3-11)
For the parallel component
= 90° - )
(3-12})
i-4
IR i s O A A et U i o o —
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. K' |af I, cos” €
Rz 13-13)
and for unpolarized incident radiation
. x4 !1[2 I, (1 + cos® 2)
‘ 28° (3-14)

In order to determine the scattered radiation pattern of
any particle satisfyina Rayleigh's criterion of r - »/2-, it is
only necessary to krow the polarizability cf the particle. For
spherical particles (see Refe.ence 1)

R [
m2 + 2

where m 1s the particla's index of ref.action at wavelength ;.

{3-15)

Therefore, substituting equation(3-15) into Equations (3-7), (3~-12)
and (3-13) the following relationsh%ps are obtained:

) 2
5 - 8% 4 .6 (E__:_l’

“sc 3 m2 + 2
(3-16)
4 6 2
. =krIom-l
.L R2 m o+ 2
(3-17)
4 6 o 2
. ) k™ r To cos m2 _ l)
R2 m o+ 2
(3-18)
3-5
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3.4 Mie Scattering Theory

A more general scattering theory, {or spherical particles
of any size,has been developed by Mie. (This formulism of course
contains Rayleigh scattering in the limiting case of small parti-
cles.) Mie solves Maxwell's equation for the three regions of
interest: in front of the sphere, within the sphere, and beyond
the sphere. Boundary conditions at the surface of the sphere are
matched to determine the scattering function, These scattering
functions turn out to be a s° mation of products of Legendre
polynomials, Bessel functions, and Neumann functions. Since the
advent of high speed computers, many such functions have been
evaluated. The details of these solutions will not be discussed

here, rather their physical significance will be 1nvestigated.

The Mie scattering functions depend upon only twc para-
meters, « - the size parameter, and m - the index of refraction.
(The size parameter. z, unfortunately has the same symbol as the
polarizability used earlier. The two are not at all related.

From now on, the symbol 2 will refer to the size parameter.)

: =
(3-19)

Since scattering depends .pon a rather than r and » 1independently,
changes of r and 1 by the sawme multiplicative factor dc not al-
ter the scattering pattern, Rayleigh scattering is valid for
small values of a. In facrt, for g < 1, Rayleigh scattering is
within a factor of two of the Mie result, and the agreement im-

proves as a decreases.

To become more explicit, it 1s necessary to i1ntroduce the
concept of scattering efficiency, C. It is defined as
(Reference 1)

C ~8¢<

N

nr
(3-20)

3-6
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and relates the scattering cross-section of a particle to its
geometrical cross-section. As an example, the scattering effi-

ciency of Rayleigh scattering for unpolarized radiation is foun
by substituting Equation (3-16) into Equation ({3-20), giving

2
c . 8 xd 4 (mz -1
RAY 3 m) + 2
(3-21)
Substituting Equation (3-19) into Equation (3-21)
2
C = _g- a‘ ln#——z - l)
RAY 3i m2 + 2
(3-22)

Calculations of C for larger values of o have been made, and a
generalized graph of C versus 7 appears below,

d

40
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Figure 3-1: Scattering Efficiency versus Size Parameter
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The exact form  f the curve depends upon m, but several general
conclusions c¢an : made. Initially C increases as a‘. then its
rate of increase .. ows up. The initial maximum oc¢curs for a

value of a be v<er. ~ and 6 and has a value approximately equal
to 4. (See Refererce 6)

Similar calculations will give the angular dependence of
scattering as a function of a and m. The results are similar to
those for the total scattering cross-section. However, the os-
cillations in the angular curves are much greater. The change
in the ratio of forward to backscatter as a function of a is of
considerable interest. For small values of a, forward and back-
scatter are equal. As a increases, so does the forward-to-back
ratio, which may reach a value of several hundred.

3.5 Asrosol Scattering

The Mie and Rayleigh scattering theories discussed above
have evaluated the scattering properties of a single particle.
An aerosol consists of a collection of particles (assumed for
simplicity to be spherical) of various size and index of refrac-
tion. Assume that the atmospheric aerosol can be described by
a discribution function n(r,m). where n(r,m)dr is the number of
particles with index cf refraction m with a radius between r and
r + dr. Then

x

.]’n(r,m) dr = N(m)

o

(3-23)
where N(m) is the total number of particles with index of re-
fraction m, If I(6,9.r,m) is the intensity scattz 'ed by a single
sphere of radius r and index of refraction m in a direction des-
ignated by ¢,p, then the intensity scattered by the entire aero-
sol 1s given by:

L e e e R —— T e T R e A A . e i
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-

I(8,%) '-Z fn(r.mi) I(B.w.r,mi) dr

m. (o]
> §

(3-24)

To be consistent with Mie theory, r should be replaced by a,
giving:

. g
I(68,0) = T 5-!““'"‘1; I(e.tp.a.mi) da

s
(3-25)
Since I(u,x,a,mi) can be evaluated by the Mie theory, solution
of the aerosol scattering problem is predicated on a knowledge
of n(a,mi).

The term n (a,mi) 3s a very difficult, if not impossible,
quantity to measure since it involves bot!. the aize distribution
and the chemical distribution, i.e. index of refraction, of the
atmosphere. However, although the scattering for a single par-
ticle varies significantly with the particle's index of refrac-
tion, the scattering for a collection of particles of various
size will depend only slightly upon the refractive indices. (See
Reference 3.) This occurs since the different size parameters
yield an averaging effect. which will be almost independent of
the indices. Therefore, the particle size distribution will be
considered, which will be designated as n (r,h ) since the dis-

tribution changes with altitude, h.
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3.6 Particle Size Distribution of Atmospheric Aerosol

There is not much available reliable data on the partuicle
size distribution of the atmospheric aerosol as a function of
altitude. The data that does exist shows that the concentrations
may vary significantly from day to day. However some useful
measurements have been taken from balloons and aircraft. They
indicate that

n(r,h) = n_(h) Y () (3-26)

where h is altitude (see References 3,4,5). The term no(h) de-
pends strongly on altitude (approximately exponentially). On
the other hand, v(h) changes slightly between sea level and 100
km. The measured value of ) differs between experimenters, but
all agree that its value lies between three and five for all
altitudes.

In order to obtain an estimate of the scattering properties
of the atmosphere at 10.6 microns, it is necessary to evaluate
Equation (3-25) for the various experimentally obtained values
of n(r,h). This will give a range of values for the scattered
intensity. The actual value (which will varv with time)
should lie within this range.

The need for additional atmospheric aerosol measurements
cannot be overly emphasized. For it is only by the techniques
discussed here that accurate theoretical estimates of aerosol
scattering with 10.6 microns radiation can be made. (Previous
numbers used in this program have been obtained by extrapolating
the data from Reference 5 to longer wavelengths., Direct mea-
surements of atmospheric scattering should also be made concur-
rently. The results of these direct experimencs and the theo-

retical predictions based on particle size distribution
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meszurements can then be compared. If this compar son is favor-

abile, further theoretical predirtions can be trusted in regions
whese direct measurement is impossible.

3=11
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4.0 EXPERIMENTATION

The objective of iz experimental program is to design,
fabricate #nd test an optical heterodyne system for measuring
the vslocity af air containing a low concentration of particle
contaminants, A single mode CO2 laser operating at 10.6-micron
wavelength and a copper-doped germanium detector cooled to liquid
helium tsmperature are the critical components of the present

system,

Suring this pr og ramour efforts have been concen-
trated on neasurirg Doppler returns from natural and synthetic
targets aut-of-doorn, e.g9., clouds, haze, rain, trees, wind-
biown smoke, ete,, with promising results. Consegquently, a low
ievel of affort was applied to the large variety of laboratory
measurements which will eventually lead to a calibration of the
system and its individual components. In this category, tests
ware performed on verification of the heterodyne equation,
characteristic curves of the detector, noise sources, coherence
areas, reflectivity measurements at 10.6 microns, wind tunnel

measurements and particle counting.

4,! Doppler eturns from Leaves, Rain, Haze and Smoke

Doppler returns have been observed from several targets
outside the laboyatory. The laser beam is directed outside by
reflection from an alum nized beam steering mirror positioned
over a window and mounted to allow azimuth 2nd elevation posi-
tioaing., Figure (4-1) shows returns from wind-blcocwn leaves

about 500 feet away.
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The spectrum of system ncise showvn on the bottom trace was
recorded when the laser beam was blocked betweer the beamsplitter
and the beam steering mirror. The beam was then allowed to
propagate tc the tree and levaves so thit the upper trace could
be recorded showing ths spectrum 2f the return Doppler signal
plus noise. The signal is the differerce bstween the two traces.
At 10.6-micron wavelength, the Doppler frequency is 200 kHz per
meter/second of target velocity parallel to the transmitted beam.
Since Figure (4-1) has a scale dispersion of 100 kHz/division,
the cypical leaf velocity component parallel to the laser besam
is 0.5 meter/second., The spike near the center of the trace is

the zero of Doppler frequency and the zero of target velocity.

Figure (4-2) shows Drppler returns from a moderate rain.
The spectrum varied rapidly in time as one would expect since
the veam was of small diameter and contained only a few rain
drops at any given time. The magnitude of the rain velocity
component along the laser beam was betweer zern and 2 meters/
second and the average wind speed just outside the laboratory
was 3 meters/second. There was turbuience along the laser beam

path.

Strong Doppler signals have been observed from haze on days
of high relative humidity as shown in Figures (4-3, 4-4, 4-5,
4-5, 4-7, and 4-8). Thesé returns have peaks 2round 200 kHz or
] meter/secord velocity component along the beam which had an
elevation angle of 20°. The Doppler signals peaked strongly for
5 to 10 seconds and then faded for 20 to 30 seconds. This peak~
ing and fading pattern was typical of the particular prevailing
atmospheric conditions. A five-minute sequence of spectra from
haze is shown in Figures (4-5 through 4-8), The corresponding

system nolse can be found in the lower trace of Figure {(4-4).
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feveral outdoor experiments were conducted using smoke as
a scatterint medium. In one of these tests, smoke was blown into
the later beam by a fan at a distance of fifteen feet, The Doppler
return from the turbulent fan-blown smoke is very broad as shown
in Figure (4-9) where the zero of Doppler frequency is at the
left edge of the screen and the disperions is 500 kHz or 2.5m/sec

full scale. The upper curve isc the Doppler return and the lower

curve is system noise.

The smoke source was turned off and the Doppler return
spectra shown in Figure (4-10) was recorded when the smoke had
almost entirely dissipated as shown in Figure (4-11). Purther
spectra of Doppler returns from smoke at a 15-foot range ars
shown in Figures (4-12) and (4-~13), Figure (4~14) shows the

smoke generator whan PFiy..es (4-12) and (4-13) were made.

Purther experiments were carried out using wind-blown smoke
at a range of 200 feet as the scattering medium. Figure (4-15)
shows the Duppler spectrum with a dispersicn of 1 MHz or 5 meters/
sec full scale and zero at the left, The appreciable turbulence
that existed in the smcke region manifested itself in wide
Doppler spectra as shown ir Figures (4-15) through (4-18)., The
Doppler returns pesk near 1.5 m/sec with the wind coming at 20
to the laser beam, This corresponds to a w nd apeed of 1,8 m/sec
or 2bout 5 mph which cori2lates with an anemometer reading

between S and 10 mph just outside the laboratory,

4.2 Heterodyne Detection Experiments

A set of experiments has been begun in the laboratory that
will lead to an optimum utilization of & copper-doped germanium
photoconduetor in the reterodyne detection mode < f operation,

Leading toward this goal, preliminary mesasurements have been made on:

e 5 s S T e AR L o me—— e A S ot S - PN
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Figure 4-1: Doppler Returns from Wind-Blown Leaves at 500-
Foot Range on To ace/ System Noise on Bottom
Trace - Velocity Dispersion = 0,5 meter/second

division

Figure 4-2; Dogglcf Returns from Moderate Rain on Top Trace/
System Nc:.se on %Ltgm aggcg - Velocity Di<wersion
Equals 0,5 meter/second/division

o S s————— . » S —————— v
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Fiqure 4-3:

Figure 4-4:

FANORAMIC ELECTRONICS INC
MODEL-SPA 3 SERIAL,NO "258
!“ ] .l

Y 1

4 1

Doppler Returns from Haze on a Day on To
Trace/System Noise on Bottom ;;ace - Velocity
Dispersion = 0.5 meter/second/division

PANMUKAMIC ELELTHUNI®ES
MUUEE: SPA 5 SERIAL N

boppiler Hetuins frow Haze on a Humid Day on Top
}_‘_(_ﬁ__n_‘g]‘é ystem Noisg on Bottom Trace - Veloeity

7

Lispeisicn = 0.5 meter/second/division
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™ Figure 4-6: Doppler Returns from Haze on a Humid Day - Velocity
Cispersion = 0.5 meter,second/division
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PANORAMIC ELECTRONICS INC
MODEL-SPA 3 StHIAL NO 253
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1

Figure 4-7: Doppler Returns from Haze on a Humid Day - Velocity
Dispersion = 0.5 meter/second/di' 1sion

Figuro 4-8;: loppler Returns from Haze on a8 Humid Dav -~ Velocity
Dispersion = 0.5 meter/second/division
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Figure 4-9: Doppler Returns from Wind-Blown Smoke at l15-~Foot
Range - Velocity Digpersion = 0,25 meter/second/
division

Figure 4-10: Doppler Returns from Smoke whigch has ssipated
velocity Dispersion = 0.25 metsr/second/diviasion
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Figure 4-11:

Smoke Generator Turned Off and Smoke has Mastly

Dissipated

Figure 4-1.2:

Dopplee Returns from Smoke at 15-Foot nsnge

Velocity Dispeirsion = 0.25 meter/second,/3)
4-9
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Fiaure 4-13: Doppler Returns from Smoke

b

Velocity Dispersion =

0,25

at 15-Foot Range -~
. 7 e Wy K -
meter/second/division

o

igure 4-14: Smoke Generator Setup
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Figure 4-15%; Doppler Peturng from Wind-Blown Smoke at 200
Fecot Range - Veloceity Dispersion = 0.5 meter
sescond/aivision
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Figure 4-17: Smoke Cenerator at 200-Foot Range

Figure 4-1H1 3moke gnerator at 200-FooOt Range
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1) Verificarion of the heterodyne equation.
d) Characteristic curves of the detector.

1) Coheranc» areas.,

) NOLEg souvrdes,

Results oLtained from these neasurements will permit a "figure of
merit” to ba defined, and will lead to a deteimination of the
gperating peint that yield: a mpaximum signal -to-noise power ratit
for hetarodyns detect) ‘ liese experinents are necessary in
srder te explain the results of heterodyne signal-to-noise ratio
moasurements that are 20 db below the level that would be
theorstically expected for shot noige limited operation and a

qu.‘ll\f\lﬂ! effl lency of 30 parcent.,

<.4.1 Heterodyne Mgasurements

An attempt was made to verify the neterodyne equation
¢ P P where F 15 the 'arerodyne power, P 1is
het - L0 81 het ) ; L.O.
the local oacillator power acr 10.6 micvons, and P, 1is tbe

S.Q
gignal power that is Doppler shifted from the local oscillator
fragquency . A Michalson interferometer was set ap with a mirror
in one arm to give the loca! oscillator beam and a spinnirg wheel

in the other arm to give the si1gnal beam. The spinning wheel was

calibr.ted with a tharmopile as described in Section 4.<2.4 of

this report =o that the signal power could then be calculated
from the whee! reflectivity, he geometry, and the incident
PDOWa Y vt L0 1CTO

The apparatus was set poand used with & CC, laser source
and a copper Jdoped germaniun detectnr., Pl was measured with

ke
a commercially available power meter: P was calcenlated from
S 1
Pl\' the optical paramg'e vt the systen, the geometry and the
\
wheel reflectivity: and P : was measured on a spectrun analyzer.
4-13
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A variety of optical attenuators (beam splitters) was inserted in
the arms of the Michelson interferometer in an attempt to verify

the heterodyne equation

Phet g PL.O. Psiq (4-1)

With PL.O. in the range of 100 mw to 300 mw, where shot noise
limited operatior is expected, it was shown that the heterodyre
equation does not apply as written above. For instance, when
Psig was decreased by a factor of 4, Phet decreased by a factor

less than 4. 1In these experiments the coherence area was

unaltered by insertion of the optical attenuators.

4.2.2 Characteristic Curves

The characteristic curves of the detector were
measured with a CO2 laser as a source. The measurements were
coherent in the sense that the laser emits a k:am which is
coherent in both space and time. However, heterodyning was not

involved in the measurements which are shown in Figures 4-19

through 4-24.

The operating point can be specified by the bias voltage V,
the bias current I, and the incident infrared power P. The
voltage can be written as a function of the current and power

vV = v(I,P)

(4-2)
For small changes in currentc and power, there is a corresponding
small change in the voltage given by

.\ / \
AV = 22 AT+ 22| ap
\’I/P \‘P

i
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Figure 4-19: Bias Vcltace vs Incident Power at 10.0 Microns for Constant

R1as Current

Raytheon QKN-1207-144 Cu:Ge Detector
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Figure 4-23: Bias Voltage vs Bias Current for Constant
i ' Incident Power
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Similarly, we may write

I=1I(V,P)

(4-4)
oI 31
Al = (—- AV + | T= Ap
3V 5 dp v (4-5)
The partial derivative can be written as
v __1_ _,
°1 P (g;) - “A.c.
v - (4-6)
8,
Phy ¥ (4-7)
&), -
Plv 1 (4-8)
Vhere ZA c is the A.C. impedance, Py is the voltage responsivity

and Py is the current responsivity. Thus we have

av = 2y o AL+ pyaP (4-9)

1

z AV + pIAP

A.C. (4-10)

Al =

The values of zA c.' Py and py can be determined for any operating

point by using the characteristic curves of Figs. 4-19 through
4-24,

With the information discussed above, a heterodyne power
function can be derived which gives the heterodyne power as a )
function of the local oscillator power, the signal power, the %
bias voltage and/or the bias current. In other words, the
operation of the detector in the heterodyne mode is dependent
upon the bias conditions as shown by the characteristic curves

and the appropriate functions of these curves.

4-21
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In addition to the measurements discussed above, preliminary
noise measurements have been made as a function of bias current.
These measurements, discussed in Section 4.2.5, when analyzed in !
conjunction with those above, will allcw a determination of
signal-to-noise power ratio for heterodyne detection as a function
of the operating point. The operating point corresponding to

maximum signal-to-noise can then be found.
4.2.3 Coherence Areas

Some preliminary coherence area experiments indicate

that the range dependence that was theoretically predicted earlier
is essentially correct; i.e., there is no range dependence in the
near field and there is an inverse range squared dependence in the
far field. The experimental system used for these measurements
consisted of a Michelson interferometer with a mirror in one leg
to give a local oscillator beam and a spinning wheel in the other
leg to give a Doppler shifted signal beam. The spinning wheel

was moved away from the beam splitter and the Doppler signal was
observed on a spectrum analyzer. A constant local oscillator

beam was used throughout these experiments.

The angle of the wheel with respect to the incident beam
and the wheel speed were also held constant. The total signal

power P received on the copper doped germanium detector goes

S.Tl
as the reciprocal of the square of the range, or

P oC
S.T. R (4-11)

o

and the coherence diameter D, is proportional to A/x where *

oh
is the wavelength and a is the angular radius of the illuminated

region on the spinning wheel.




RAYTHEON RAYTHEON COMPANY
SPACE AND INFORMATION SYSTEMS OIVISION

A
D o« -
coh «a (4-12)
For small angles a can be written as %
Q==
R (4-13)

where r is the radius of the illiminated spot. Hence,

coh r (4-14)
The coherent signal power P solk is proportional to the product
of PS T and the coherence area which in turn is proportional to
the square of the coherence diameter.
P P D2
S.coh € “s.7.” coh (4-15)
1 kR‘z
S.coh \R2 X ’ (4-16)
2 |
x |
P x i |
S.coh 2
o r (4-17)

The wavelength M is constant, so that

~ lH
N

P
S.coh (4-18)

For a constant local oscillator power, t'a heterodyne power P

het
is directly proportional to the coherent signal power, so that
1
C —
Phet 2
r (4-19)

In the near field which corresponds to ranges significantly

2 -
less than D' /M where D is the transmitter aperture diameter

2 \
{%— = 15 ft for the setup , the radius r is constant and Phet

4-23
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should be independent of range. This was experimentally verified
by noting that the spectrum analyzer display of Phet was constant
for any location of the spinning wheel within the near field
region discussed above. In the transition region a range depen-
dence begarn. to develop, and from ranges of 15 ft < R < 30 ft,

the dependence P

het
nated at a range of 30 feet due to limited laboratory space.

iz was obeyed. Measurements were termi-

4.2.4 Wheel Reflectivity Measurements

An experiment was established to measure the absolute
reflectivity of several solid materials; see Figure (4-25). These
materials were mounted on a wheel which was positioned so that it
could be rotated about a vertical axis, which maintained a con-
stant distance between the illuminated spot on the wheel and the
detector regardless of wheel angle.

A 40-40 beamsplitter was located to separate the incident
and reflected beams. The reflected beam was measured with a cali-
bratedEppley thermopile while the laser power was monitored by a
CRL power meter. The angle between the incident beam and the per-
pendicular to the wheel face was varied from -50° to +50°.

Various grades of emery paper, black velvet and magnesium
oxide were used as targets on the spinning wheel. These results
allow a rapid and accurate determination of the scattered signal
power which is required to make heterodyne calibration measure-

ments as discussed in Section 4.2.1.

Data taken from a felt wheel is shown in Table 4-1 with the
results of subsequent analysis. Columns I, II and III represent
the angle of scattering, the output of the calibrated Eppley
thermopile, and the instantaneous laser power respectively. Since
the Eppley gave : background reading of 36 .V, the fourth column
equals the second column minus 36 pV. Column V represents the
normalized results, i.e. theEppley output which would have been
obtained if the incident power equalled 5.1 watts. The Eppley

4-24
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SPINNING WHEEL
-50° < f < +50°

6
THERMOPILE
40-40
BEAMSPLITTER
\
MICKOVOLTMETER ﬂ

LASER

Figure 4-25: Experimental Setup for Wheel
Reflectivity Measurements
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was calibrated at 0.113 uV/uW and therefore Column VI represents
the actual scattered power detected. Finally, the scattered re-

turn from a Lambertian reflector referenced to the same output
at 0° is given in Column VII.

TABLE 4-1
REFLECTIVITY DATA FROM FELT WHEEL
It 111 v v vI vIiI

Epp (uV) P_, (W) Epp-B(uV) (EPP-B)N(HV) Py (HW) PLAM(HW)

50 63 5.1 27 27 240 260
40 70 5.1 34 34 300 310
30 72 5.1 36 36 320 350
20 76 5.1 40 40 350 390
10 g0 5.1 <4 44 390 400
0 83 5.2 47 46 410 410
-10 80 5.3 44 42 370 400
-20 76 5.3 40 38 340 390
=30 71 5.3 35 34 300 350
-40 69 5.3 33 32 280 310

The data on backward scatter from Table (4-1) was used to
check the system performance. From this data the reflectivity
in the backward direction can be obtained. The system used to
make the measurements is illustrated in Figure 4-26 where a spin-
ning wheel replaces the wind tunnel. The beam splitter has a
transmissivity (t) and a reflectivity (r). As the laser trans-

mits a power Po' the measured power is

IA = " "o (4-20)

and the incident power on the wheel is

4-26
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o

INC o (4-21)
i The reflected power for a target with reflectivity p

P =ptpP

REF o (4-22)

while the power reflected by the beamsplitter toward the detec-
tor is

Ppgp = T P t P, (4-23)

Finally the measured power is given by

2
.. rpt P, Dy
sc 4R2
(4-24)
where: DEP = diameter of the Eppley thermépile
R = distance from Epnley to target

Substituting Equation (4-20) into Equation (4-24) and re-arranging
terms:

4R% p
e SC
P = 2
t P.. 1D
A " PEp (4-25)

Using numbers from Table 4-1 for 0° and

} DEp = 9,53 mm
R = 283 mm

t = 0.4
l then the wheel reflectivity in the backward direction, p(o).
may be calculated to be

l o(o) = 0.226

‘ If a heterodyne detector were placed at the location of the
Eppley, the expected signal-to-noise ratio should be

’ 4-27
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s n Pg ‘
N 2hv B (4-26)
N
Since,
n=0.5 . (4-27)
2 -
P, = 410 uwW (W) = 18.1 W (4-28)

because the copper-doped germanium detector has an aperture of
2 mm, while the Eppley has a 9.53 mm aperture. The specturm
analyzer has a bandwidth of 7 kHz, so

10

S
N 3.45 x 10

(4-29)

1

S
N 105 db

(4-30)

The results of this experiment indicated that the measured
signal-to-noise ratio was approximately 80 db. Because of the
discrepancy of 25 db between the theoretical calculation and
actual measurements, a detailed experimental analysis of the
Cu:Ge detector was initiated.

4.2.5 Noise Measurements

There are several noise sources involved in the
heterodyne detection system using a Cu:Ge detector, a low noise
preamplifier and spectrum analyzer. Experiments were carried out
to determine the noise voltage generated by each noise source.

First, the noise produced by the spectrum analyzer was
found to be negligible. Next, the preamplifier was checked for
noise output for several different input impedances. This noise
voltage was found to be quite low but not completely negligible.

An experiment was set up to measure the noise spectrum for

various bias currents with constant local oscillator (LO) power

on the copper-doped germanium detector. The LO was then changed
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to a new level and the measurements were repeated, using the cir-
cuit shown in Figure (4-26). Figure (4-27) shows the detector
noise spectrum with bias currents ranging from 3.7 to 0.6 ma.
No LO was used. The noise decreased as the bias decreased. When
an LO of 11.5 mw was used, the noise spectrum dropped and the
effect of the bias noise became smaller. Figure (4-28) shows the
noise spectrum for an LO power of 11.5 mw. In Figures (4-27)

and (4-28) the spurious signals near the right edge of thr: screen
are generated by a local radio station.

4.2.6 Wind Tunnel Experiments

One objective of this work was to measure atmospheric
wind velocity and local wind turbulence by methods of optical
heterodyning with a CO2 laser.

The "clean" air or atmospheric wind contains small contam-
inate particles by which some of the laser energy is scattered.
The detection of this scattered energy is prerequisite to ob-
taining optical heterodyning.

In order to obtain quantitative data on the important para-
meters of the detection system, it was desirable to obtain a
small wind tunnel to simulate certain atmospheric conditions and

to provide a standard source for the calibration of the system.

In particular, the wind tunnel must accept a varying con-
centration of contaminate particles, to simulate an almost
"clean" air, to a "dirty" air with much contamination where sig-
nal-to-noise ratios of the detection system are very high for

calibration purposes.

The wind tunnel mast also be relatively free of turbulence
so that read out bandw.dth broadening due to turbilence may be
distinguished €from the bandwidth broadening due to optical and

instrument broadening.

4-29
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Figure 4-26: Circuit for Detector Noise Measurements
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PANORAMIC ELECTRONICS INC.

Figure 4-27:

Figure 4-28:

MODEL- SPA-3 SERIAL NO. 253

Ncise Spectrum of the Detector for Various Bias

Currents with Local Oscillator Off - Bias Current
3.7 milliamps, Top Trace/Bias Current 0.6 milli-
amps, Bottom Trace - Dispersion 1 MHz full scale;

12 db Attenuation - Two Signals at Right are Local
Radio Stations.

PANORAMIC ELECTRONICS INC.

MODEL- SPA-3 SERIAL NO. 253

A AMIOTH EACTOR

Noise Spectrum of the Detector for Various Bias
Currents with Local Oscillator Power of 11.5 milli-
watts - bias Current 4.5 milliamps, Top Trace/

Bias Current 1.1 milliamps, Bottom Trace - Disper-
sion 1 MHz full scale; 6 db Attenuation - Two
signals at Right are Local Radio Stations.
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The wind tunnel must provide variable known air velocities
approximately of the same magnitude as typical atmospheric winds.

With these considerations in mind, a short study was made
for the design of such a wind tunnel, and a search was made for
the possible manufacturers of such a tunnel.

Aerolab Supply, Inc. run by Professor A. W. Sherwood, had
a prototype smoke tunnel similar to what we needed. In ac-ord-
ance with Professor Sherwood's existing prototype and with our
particularized needs, we jointly designed a smoke tunnel which
was then constructed by Aerolab.

In particular, the input plenum of the smoke tunnel contains
2 "honeycomb" structure with layers of fine mesh screening to
reduce turbulence levels at the test section to about 1/4%.

The test section is 10" x 13" x 2-1/2" high with Kodak
Irtran II windows to allow CO2 laser radiation to enter and exit.
The 1" x 4-1/2" windows are mcveable along the side of the test
section to allow for different incident angles of the laser b..am.

The windows are anti-reflection coated at 10.6u.

An adjustable opening at the exit plenum allows for variable
air velocity from approximately O to 30 feet per second. A small
1/8" pitot tube of Prandtl design, and an inclined manometer are

used to measure the air velocity.

Smoke is generated when liquid smoke is in contact with a
heating element operating at approximately 450°F. The liquid
smoke, obtained from Azo Industries, Inc. and similar to liquid
smoke usedin toy trains, is introduced into the heating element

a drop at a time.

From the enclosure containing the heating elenent, the smoke
is introduced to a smoke rake through plastic tubing. A slight
positive pressure is maintained in the heating element enclosure
by coupling the enclosure with the head pressure of the fan that
drives the wind tunnel at the output plenum. By means of a valve,
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the positive pressure in the heating element enclosure may be
varied, thus varying the rate of introducing smoke into the wind
tunnel, and thus controlling the density of particle contaminate
in the wind tunnel. The rate of introducing smoke into the wind

tunnel may further be controlled by controlling the rate of flow
of liquid smoke to the heating element.

Two smoke rakes are presently in use, one which delivers the
smoke in several discreet tubules of about 1/8" diameter, and
another which delivers the smoke in a continuum throughout the
test section. Though the continuum smoke rake more closely sim-
ulates atmospheric conditions, the discreet smoke rake is useful
in gathering quantitative information, as the smoke bundles may
be varied by integral numbers and the specific geometry of the

system is well known.

The exhaust plenum of the smoke tunnel is attached to a large
flexible hose leading outside of the building for evacuating the
smoke and/or other contaminating particle agents introduced into
the wind tunnel.

Using the experimental setup shown in Figures (4-29) and
(4-30), the smoke generator valve was opened for a few seconds.
Initially, a very large Doppler signal was observed (Figure 4-31):
then, as the smoke decayed, the Doppler signal decreased as shown
in Figure (4-32). This picture was taken about ten minutes after
the smoke generator was turned off. The Doppler is due to smoke
in the laboratory resulting from leaks in the wind tunnel and
from cigarette smoke. This residual smoke has a very low density

and cannot be seen with the eye.

After a period of bout fifteen minutes, the air conditioner
removed this residual smoke and the Doppler signal disappeared.
The density of smoke particles at the time the signal becomes
lost in the noise was not measured since particle counting equip-
ment was not available.
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Figure 4-29: Experimental Arrangement for Wind Tunnel

Tests
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Figure 4-30: Wind Tunnel




RAY THEON COMPANY
RAYTHEON
SPACE AND INFCRMATION SYSTEMS DIVISION

Figure 4-31: Doppler Returns from High Smoke Concentration
in Wind Tunnel - Velocity Dispersion -~ 0.25 meter
second/division

v

< SWEEP WIDTH FACTOR

4-32: Doppler Returns from Very Low Smoke Concentration
in Wind Tunnel 10 Minutes after Smoke was Turned
Off - Velocity Dispersion = 0.25 meter/second/di-

o ias il




——1EE§EEE§E=‘ RAYTHEON COMPANY

SPACE AND INFORMATION SYSTEMS DIVISION

Figures (4-33) and (4-34) show how the Doppler velocity

changed as the angle of the wind tunnel was varied. 1In this

case, the air speed in the tunnel was one meter per second. With
a scale of 50 kHz per division, we see that the displayed Dop-
pler velocities are .50 m/sec and .37 m/sec and agree respectively
with the cosines of the measured angles; i.e., with cos 60° and
cos 68°.

The large signal between the Doppler sidebands is a property
of the spectrum analyzer. The faint signals are due to screen
persistence and tne lower trace in Figure (4-32) is a double ex-
vosure which compares the residual noise and the Doppler signal.
The noise spectrum was obtained by taking a picture with the

signal beam blocked.

Figures (4-35), (4-36) and (4-37) show Doppler returns from
the wind tunnel as the velocity of the air was reduced in three
steps of 0.5 m/sec, 0.43 m/sec, and 0.31 m/sec. The amplitude
does not remain constant because the smoke from the smoke gen-
erator was allowed to decay. In this case, the wind tunnel is
at an angle of 60° to the signal beam. The width of the Doppler
signal of about 50 k¢, or the equivalent velocity spread of

+.1 m/sec, is primarily due to turbulence in the wind tunnel.

4.3 Summary

Doppler heterodyne detection experiments at 10.6 microns
conducted on soft targets out-of-doors verified the feasibility
of the technique for a variety of systems applications. The
characteristic curves of a copper-doped germanium detector were
measured. These curves indicate that a maximum heterodyne
current responsivity should occur at high local oscillator
power and high bias voltage. Preliminary measurements were
carried out on detector noise and coherence areas which will
eventually lead to a determinatinon of optimum conditions for
a maximum sigral-to-noise ratio for heterodyne detection at

10.6 microns.
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Figure 4-33: Doppler Returns from Wind Tunnel - Velocity
Dispersicin = 0.25 meter/second/division
¢ = 60° Angle Between Laser Beam and Wind

Figure 4-34 : Doppler Returns from Wind Tunnel - Velocity
Dispersion = 0.25 meter/second/division
= 680 Angle Between Laser Beam and Wind
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Doppler Returns from Smoke in Wind Tunnel -
Velocity Component Parallel to Laser Beam =

0.5 meter/second - & = 60°
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Figure 4-36: Doppler Feturns from Smoke in Wind Tunnel -
Velocity Component Paralle! to Laser Beam =

0.43 meter/second - = 60V
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Figure 4-37: Doppler Returns from Smoke in
Wind Tunrel - Velocity Compo-
nent Parallel to Laser Beam =
0.31 meter/second - - = 6(°
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