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Blind pointing of the Deep Space Network (DSN) 70-meter antennas can be improved
if distortions of the antenna structure caused by unpredictable environmental loads can
be measured in real-time, and the resulting boresight shifts evaluated and incorporated
into the pointing control loops. The measurement configuration of a proposed pointing
compensation system includes an optical range sensor that measures distances to selected

points on the antenna surface.

This article examines the effect of atmospheric turbulence on the accuracy of optical
distance measuremens and describes a method to make in-situ determinations of turbu-

lence-induced measurement errors.

I. Introduction

A method has been investigated [1] to improve the point-
ing accuracy of the DSN antennas. The method uses optical
distance measurements to estimate the shape of the antenna
surface and the direction of the associated RF boresight axis.
At present, a blind pointing error of about 4-6 millidegrees
is achievable. The pointing error increases to about 12 milli-
degrees under moderately windy conditions. If the full bene-
fits of future plans to increase the operating frequency of the
70-meter antennas to 32 GHz are to be realized, it will be
necessary to reduce the blind pointing error to 1-millidegree
rms. The goal of the precision optical pointing research is to
achieve 1-millidegree pointing accuracy by compensating for
wind, thermal, and gravity loadings through the use of pre-
cision optical distance measurements.

Analytical study results [1] indicate that 1-millidegree
geometric pointing accuracy relative to a stable reference base

may be achieved if the distance measurements can be made
with an accuracy of about 25-50 um. The present work
examines the effect of atmospheric turbulence on the accu-
racy of the optical distance measurements and describes a
method to make in-situ determinations of turbulence-induced
distance errors. The effect of precipitation on optical mea-
surements is discussed briefly.

Il. Optical Distance Measurements

The distance measurements will be made with SHAPES
(Spatial, High-Accuracy, Position-Encoding Sensor), a JPL-
developed time-of-flight range sensor capable of making
simultaneous range measurements to multiple targets with
submillimeter precision [2].

Optical distance measurements are dependent on the speed
of light and therefore on the value of the index of refraction,
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n, along the measurement path. If the index does not change
with time, an error in the value used for the distance measure-
ment results in a systematic error that has a negligible effect
on the pointing accuracy. The presence of turbulence, how-
ever, causes random variations in both temporal and spatial
values of n that result in random uncertainties in the distance
measurements and therefore in the pointing direction.

A. Turbulence and Measurement Errors

The literature concerning the propagation of light through
a turbulent atmosphere is extensive. General review articles,
of which [3] and [4] are examples, contain long lists of
references. Problems associated with turbulence are impor-
tant for astronomical measurements, laser communication
systems, precision optical measurements of distances, and the
direction of high-power laser beams. Atmospheric turbulence
causes variations of the optical wave amplitude and phase,
resulting in beam steering, beam spreading, image blurring,
scintillation, and phase fluctuations [5,6]. Of these effects
only phase fluctuations (a 2m-variation of the phase of the
optical wave is equivalent to a path-length change of one
optical wavelength) affect the accuracy of distance measure-
ments. In [7] and [8] are experimental studies that have a
direct bearing on the present work.

Turbulent pressure and humidity fluctuations produce
negligible refractive index changes compared to tempera-
ture variations; consequently, for optical purposes, “‘turbu-
lence” refers to atmospheric temperature fluctuations. Nearly
all theoretical studies, notably those of Tatarski [9], are based
on a model of turbulence proposed by Kolmogorov (10]. The
model, which is applicable to both temperature and velocity
fluctuations, contains the concept of local 1sotropy in the fine
structure of turbulent flow and justifies the use of statistical
methods to study turbulence.

Tatarski’s approach to the problem of wave propagation
through random media involves the direct solution of a scalar
form of the optical wave equation in terms of amplitude
and phase fluctuations of the wavefront. Phase variations are
formulated in terms of a phase structure function,Dd)(p). For
a plane wave of wavelength A traveling distance L, this struc-
ture function is given by

2
D, (p) = 291 (2)\—”) p*R 2L (radians)®> (1)

where C, is a measure of the intensity of the turbulence and P
is the separation of two points on the wavefront normal to
the direction of propagation. (For a spherical wave, the con-
stant 2.91 in Eq. (1) is replaced by 1.05.) The phase structure
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function is related to the more familiar standard deviation of
single path phase Uy, by

D,(p) = 202 (1 -B(p)] @)
where B(p) is the phase autocorrelation function [11].

The 5/3 power dependence on p expressed by Eq. (1) is
valid out to some maximum value of p which is called the
“outer scale of turbulence.” The outer scale of turbulence,
designated here as Py, » is roughly equal to the largest eddies
in the turbulence. For p > P » B(p) =0, the rms phase errors
of two paths separated by more than P, are not correlated
and the relative phase variation between the two paths is just
202. This translates into a relative rms path length variation,
g, , where

2
2 - (A 2 - 5/3 ~2 2
0 (277) 2% 291p.° CIL m 3)

The maximum value of D, (p) for which Eq. (1) remains
valid is not provided by the theory, nor has it been established
by experiment. A number of experimental studies of the
phase structure function have been made. but none for the
condition of very intense turbulence that would cause a prob-
lem for the proposed measurements. Consequently, the esti-
mates made below are extrapolated from available experimen-
tal data.

The work of Clifford. etal., [8] provides a context for
these estimates. The results reported in [8] show excellent
agreement with theory (for a spherical wave) up to D,(p)=
100 (radians)? for p = 30 cm on a 70-meter propagation path.
Temperature measurements were used to determine the turbu-
lence intensity (C2 = 10-13 m=2/3) and to determine the outer
scale of turbulence. Over a 24-hour period, p, varied between
I and 2 m with an average of 1 3 m.

The maximum measured value of D, (p) reported by Clif-
ford corresponds to an rms distance error of 1 um. Extrap-
olating the experimental results to Pm = 1.3 myields Dy(p) =
1200 radians? and 0, = 3.4 um,

B. Turbulence-induced Measurement Errors
in SHAPES

SHAPES measures the displacement of selected points on
the main reflector relative to a reference point on the sensor
optical head. The measurement error includes the intrinsic
instrumental error (about 25 um) and the error due to turbu-
lence. As discussed above, an estimate of the turbulence-
induced measurement errors may be obtained from Eq. (3),



provided reliable values of p,, and C2 are known. Unfor-
tunately, neither C, nor p,, at the antenna site can be pre-
dicted with accuracy. For the present analysis, p,, is assumed
to be 1.5 m, a value within the range reported in (8], and the
value of C? that would produce a 25-um distance error (the
approximate SHAPES instrumental error) is calculated. If
L =80m is a typical round-trip optical path length and
p,, = 1.5 m, Eq. (3) becomes a7 = 458 C%,and g, =25pum
requires C2 = 1.4 X 10~12 m=253.

This value of C? may be compared with measurements
made by a number of workers for various conditions. As an
example, a plot [12] of C? as a function of the time of day
is shown in Fig. 1. The measurements were taken on a clear
day at a position 2 m above a grassy plain. The figure indicates
C? exceeds 10712 m~-2/3 only for short periods of time when
the effects of solar heating are most strongly felt. Insofar as
the underlying theory remains valid and the cited conditions
resemble those above the antenna, it appears that turbulence
will only infrequently degrade the nominal 1-millidegree
pointing accuracy.

C. Effect of Precipitation

1. Attentuation by Rain and Fog. The effects of clouds,
fog, and rain on electromagnetic wave propagation have been
studied extensively [13-17]. Rain (but not fog) strongly
attenuates microwaves; consequently, the antennas are situated
in rather dry climates [14]. Both fog and rain are known to
attenuate optical radiation.

The effect of fog at visible wavelengths is generally reported
as visibility. which is defined in terms of attenuation [18]. For
example, if the visibility is 0.25 miles, an optical signal would
be reduced by 3.4dB over an 80-m path. Attenuation of
optical signals degrades the SHAPES measurement accuracy,
part of the instrumental error is inversely proportional to the
square root of the received signal energy. A 3.4-dB loss of
signal would increase the instrument error from a nominal
value of 25 um to about 32 um.

The effects of rain on the propagation of optical radiation
have been measured at a number of wavelengths. It has been
shown [15] that the attenuation, a, in heavy rain may be
expressed as a = 0.155 7 + 2.66 dB/km where 7 is the rate of
rainfall in mm/hr. At a rate of 15 mm/hr, which is considered
moderate to heavy rainfall, the optical attenuation over an
80-m path is about 0.4 dB, a value that would increase the
SHAPES measurement error by only about 2 percent. The
impact of such rainfall on microwave antenna performance
would be much more severe [14], leading to the observation
that rain is a more serious problem for antenna operation
than for SHAPES measurements.

2. Average Rain and Fog at Goldstone and Their Impact on
SHAPES Operation. Climatological data for airfields have
been published by the U.S. Navy (19]. The data for fog
applicable to the present problem are expressed as a percent-
age of weather observations for which visibility was less than
one mile for any period of time during 3-hour observation
periods. At Daggett, California. (about forty miles south of
and climatologically similar to the JPL antenna site at Gold-
stone), visibility less than one mile was reported for 0.5 per-
cent of the observations.

The annual rainfall at Daggett [19] is 3.6 inches. Studies
have shown that the duration of any rainfall rate (e.g.. 15
mm/hr) is well-correlated with the total annual rainfall [14].
Based on this correlation. the rate at Goldstone should not
exceed 15 mm/hr for more than about 15 minutes per year.
One concludes that because of the dry climate at Goldstone,
the effects of rain and fog on SHAPES operation are negli-
gible.

Ill. SHAPES Measurements of Turbulence-
Induced Path Length Variations

The following describes a method by which SHAPES can
be used to determine the rms magnitude of turbulence-induced
variations in optical path length. The method relies on the
form of SHAPES measurement errors and the use of two
coincident but separable optical paths to isolate turbulence-
induced variations.

A. SHAPES Measurement Errors

SHAPES range measurements are based on the time required
for a laser pulse to travel the round-trip distance from source
to detector, usually via an intermediate retroreflector target.
The laser is pulsed at frequency f and the pulses are separated
by an effective wavelength X, given by

A= — (4)

where ¢ is the speed of light and # is the refractive index at
the optical wavelength (0.78 um) of the laser pulse along the
optical path.

The target range relative to a reference position may be
written as

g _ Nec
R = N3-+AR 2nf+AR (5)

where N is the integer number of wavelengths in the optical
path and AR is the SHAPES measurement. N may be calcu-
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lated exactly from the known geometry of the antenna mea-
surements.

Measurement errors consist of the SHAPES instrument
error and errors in A. Variation of the SHAPES operating
frequency is negligible; herce, from Eq. (4), only errors in the
atmospheric refractive index contribute to the error in A and
0, = Ao, forn=10.

Standard error analysis applied to Eq. (5) now yields

NV
0; = (7) o§+ozR (6)
or
2 - p2 2,2
Op =R% o +o0,, )

where 0, is the SHAPES instrument error, and Rzoz is the
portion of the range variance that is due to the random fluc-
tuations of n as given by ¢, of Eq. (3).

B. Evaluation of Turbulence Effects with SHAPES

As noted above, SHAPES range measurements typically
involve laser pulses that travel a round trip from a pulsed
laser mounted very near the sensor head to a retroreflector
and back to the sensor head. However, the tip of an optical
fiber may be co-located with the retroreflector and used to
direct a train of laser pulses at SHAPES; the optical path
length through the air for these pulses is half that for the retro-
reflected pulses. Measurements of turbulence-induced range
error may then be obtained by comparing the standard devia-
tions of simultaneous measurements made over the fiber and
retroreflected paths. The pulse propagation time through the
fiber will vary with temperature but this verification has a
long time constant and is unaffected by turbulence during
the measurement period.

For the fiber-originated path, Eq. (7) becomes

RV .,
—(7) 0yt 0,p 8)

Because the instrument error is identical for the two simul-
taneous measurements of the same signal strength, the differ-
ence of Egs. (7) and (8) is

022 - 012 = 0.75R? 03 9)
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where the subscripts 2 and 1 refer to the double and single
paths respectively. Equation (9) indicates that SHAPES can
be used to measure the effects of turbulence on antenna
distance measurements provided these effects are sufficiently
large compared to the sensor’s intrinsic resolution.

IV. Laboratory Demonstration of Turbulence
Measurements Using SHAPES

A. Experimental Procedure

The sensitivity of SHAPES to turbulence-induced errors in
range measurements has been demonstrated in laboratory
experiments. No attempt was made to reproduce the open air
turbulence of the antenna site: the measurements merely
demonstrate the capability of SHAPES to detect and measure
errors due to turbulence.

A sketch of the experimental setup is shown in Fig. 2. Two
retroreflector targets, T, and T,, located about 10 m from the
sensor, were illuminated by laser L,. A second target, T,, also
located at a distance of 10 m, was illuminated by a second
laser, L,. Turbulence was generated in the optical path between
the sensor and target T, by an electrical heater.

The return from each target ultimately forms an image on
the SHAPES CCD. The relative position of the image’s cen-
troid, x, is directly related to the target’s range. The refer-
ence centroid, x,, is subtracted from each of the other target
centroids x;, to form the quantity Y;=x;-x,. The standard
deviation of each Vi Oy, Was calculated from 94 consecu-
tive measurements.

The targets T, and 7, are located at the same range and are
lluminated by a single laser; the measurement error o,, thus
consists of only the CCD readout errors, Ox, = Ox, =0,,0f the

two centroids,

02 = g2 +o§ = 20? (10)

Because targets T, and 7, are illuminated by separate lasers,
determination of y, is subject to an additional error, Uy, 2SS0-
ciated with jitter in the relative firing times of the two lasers.
Thus, in the absence of turbulence,

2 - 2 2 .2
Oup = 20, +4 0, (1

where A4 is a constant proportional to the streak tube drive
voltage.



Detection of turbulence depends on the increase in g,
caused by the turbulence. If the turbulence-induced error is

designated by g,, the variance of y, becomes

2 = 9g? 2.2, 2
0)s 20, +4 g, tO; (12)

The difference of Eqgs. (12) and (11) gives the desired turbu-
lence-induced error.

Laboratory measurements were made with and without the
heater-generated turbulence, and the difference in the calcu-
lated variance with and without turbulence was assigned to o?.
Measurements of 034 verified that the turbulence did not
affect the optical path of L.

The laboratory experiments used to determine ¢, require
that both ¢, and o, remain constant for all measurements. The
method proposed for determining R g,, above the DSN antennas
eliminates this requirement by performing simultaneous mea-
surements of single- and double-path values of o,,.

B. Results and Discussion

The results of one set of experiments are shown in Table 1.
The relationship between range and CCD centroid position
depends on the amplitude of the streak tube drive voltage:
for this experiment, 0, = 800 0, um and thus

Ro, =800 0, um=+/ aiR - (12 um)?

where 12 um is the average value of 0,5 with no turbulence.

The results shown in Table 1 vary with heater power and
heater location. Increasing heater power, which was expected
to increase the turbulence intensity, caused an increase in the

measurement error. Moving the heater to increase the turbu-
lence path length also produced increased measurement error.
The use of a constant value of 12 um for the instrument error
is validated by the nearly constant value of 0,5 (10-13 um)
when the heater was turned off.

The results of the laboratory experiments demonstrate that
SHAPES measurements may be used to sense atmospheric
turbulence. Although natural turbulence at the antenna site
is expected to be very different from that produced in the
laboratory, the laboratory experiments suggest that SHAPES
may be used to make in-situ measurements of turbulence on
the antenna. The results also show that, in the presence of
sufficient turbulence intensity, optical range measurements
may be in error by an amount that is significant for the pro-
posed compensation scheme.

V. Conclusions

A proposed method to achieve 1-millidegree geometric
pointing accuracy of the DSN 70-meter antennas makes use
of multi-point optical measurements of high precision. Heavy
rain and intense fog degrade optical measurements. However,
because of the dry climate at most antenna sites, these events
occur infrequently and their effect on antenna operation is
negligible. Atmospheric turbulence produces errors in the
optical measurements that degrade the derived pointing pre-
cision. The results of the present study suggest that turbu-
lence will not seriously degrade the pointing precision except
for very limited periods of intense turbulence caused by solar
heating of the air above the antenna. The precision pointing
system [1] requires knowledge of the measurement error to
evaluate the pointing error. During operational periods, the
variance of the SHAPES measurements, turbulence-related
and otherwise, can be determined and the degradation of the
pointing accuracy assessed. Additional measurements allow
the part of the error caused by turbulence to be determined.
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Table 1. Effect of turbulence on SHAPES measurement error

Test No. Description
1 Turbulence
2 No turbulence
3 Turbulence (repeat no. 1)
4 Turbulence
(increase heater power)
5 Turbulence (move heater to
increase turbulence)
6 No turbulence
7 Turbulence (reduce power)
8 No turbulence

38

13
22

12

14
23

35
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Fig. 1. Refractive index structure parameter versus time of day.
The measurements were derived from temperature measurements
made on a clear day at an elevation of 2m above a grassy plain [11].
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Fig. 2. Sketch of a laboratory experiment to demonstrate the
sensitivity of SHAPES to turbulence-induced range errors.



