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ABSTRACT

Atmospheric turbulence causes intensity fluctuations in the received beam of a ground to space
laser communication link. Theoretical analysis of the beam propagation through atmospheric
turbulence to a satellite shows that very accurate pointing of the transmitter beam will reduce
the fading of the signal. A new technique for tracking through turbulence is described that
uses enhanced backscatter (EBS) resulting from reciprocal scattering paths. Laboratory
experiments have been conducted and data compared to computer simulation. A plan has been
developed for demonstrating the technique on a Low Earth Orbiting satellite
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1.0 INTRODUCTION

The possibility of using high-data-rate optical transmitters for satellite communications has
generated a renew interest in laser communication systems for ground-airborne-to-space and
space-to-ground-airborne data links. However , atmospheric turbulence causes intensity
fluctuations or scintillations that can seriously degrade the reliability of such optical
communication links. The scintillations as a function of the pointing error have been
measured in the Strategic Defense Initiative Organization Relay Mirror Experiment data reported
by Lightsey1 . Recently a theoretical study has been published by Andrews, Phillips and Yu? on
the fading statistics of a laser beam propagating from ground to space and space to ground and
the changes that arise as a result of transmission point errors for a satellite at geosynchronous
earth orbit. The analysis shows that pointing errors of less than 0.5 urad are required to keep
average fading times below 10 dB less than 100 microseconds for zenith angles of less than 45
degrees for the down link. For the up-link pointing errors of less than 0.5 urad are required to
keep the average fading times below 10 dB less than 500 microseconds for zenith angles less
than 30 degrees. This analysis shows that significant fading will occur for both the up and
down link and thereby cause long strings of data bit loss for the geosynchronous orbit scenario
analyzed. For low earth orbit (LEO) satellite links, the pointing requirements for reliable
communications similar to the GEO scenario are errors of less than 3 urad for zenith angles of

up to 60 degrees.
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Figure 2. Optical layout for precision tracking utilizing EBS with a dual aperture.

Assuming the spatial phase variations are negligible over the width of the subaperture (b <
ro), the expected irradiance distribution in the image plane can be derived in a straightforward
manner using conventional Fourier optical techniques to propagate from the transmitting pupil
plane (xQ, yo), to the object plane (x), y}), to the receiving pupil plane (x2, y2), and finally to the
image plane (x3, y3). As stated earlier, the target is illuminated by two separate beams of
orthogonal polarizations. We will thus calculate the complex amplitude distribution emerging
from the receiving pupil plane for the two components of the reciprocal path radiation

separately, then add and propagate to the image plane.
The amplitude of the field in aperture B from aperture A is given

Uapy(yz) = -exp(i4kf1){[rect(%%) ‘exp(%—JAyl) rect(ybi) }* 8(yz +af2) )
1

where f] is the focal length of Lens#1
Similarly, if we start with subaperture B and perform the same operations, the reciprocal
path radiation emerging from subaperture A is given by

U}';A(_,_)(yg) - —exp(i4kf1){[mct(%3) * exp(%.’;@&”rect(yf)}* 6(y2 -a/2) 2)
1

Since they are now of the same polarization we can add the complex amplitudes

U*(y2) =UZ)(Y2) +UBay Yyz). 3
Due to the distributive property of the convolution operation
¢ Y2
e[ 12

U+(y2) = "QXP(i4kf1){[rect(%2.) * exp( 'iZﬂAuz)
*[6(uz -a/2)+ o(yz +as2) ] @
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Since the dual aperture also lies in the front focal plane of Lens#2, the complex amplitude
distribution incident upon the final image plane is now given by




(5)
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Substituting Eq.(4) into Eq.(5), we get

U‘(ya)--_-l-li [bstnc(zfy:%)é(y3+zlf2/fl) . bsmc(zf'%” 2cos(nzfy:?) (6)

where K = exp[lk(2 [, +4f l)]. Applying the shift theorem and the sifting property of the delta
function to the convolution in the square brackets, we obtain
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and the irradiance distribution in the image plane is given by
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Hence, not only is the unwanted scattered light completely suppressed by the polarizing
beamsplitter, but the backscattered enhancement now takes the form of a target-position
dependent constant multiplied by a Young's interference pattern (term in square brackets)
consisting of cos? interference fringes with a sinc2 envelope function. Furthermore, it is
apparent that the interference fringes are independent of the target position (the zero-order
fringe remains fixed on the telescope boresight regardless of pointing error) and the envelope
function is always centered on the image of the target, i.e. the envelope function shifts relative
to the fringes by an amount proportional to the pointing error. The peak irradiance clearly
decreases with increasing pointing error, and goes to zero when the illuminating sinc2 function
misses the target.

If we choose the separation of the two rectangular subapertures to be twice their width (a =
2b), then there will be only three cosine fringes under the central lobe of the sinc2 envelope
function. This fringe pattern remains quite stable even in the presence of severe turbulence
produced by the propane burner. Actually, only the nulls (dark fringes) are completely stable.
The peaks fluctuate slightly in amplitude (and perhaps slightly in position); however, these
effects are quite small and the relative stability is demonstrated by the CCD image and
irradiance profile illustrated in Figure 3a. A bi-static measurement (separate transmitting and
receiving apertures) in which the EBS phenomenon does not occur, and the time-varying fringes
are completely washed out, is shown in Figure 3b for comparison. Note that a ten (10) second
exposure time was used to record these images.
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Figure 3. a) CCD image and irradiance profile of monostatic measurements demonstrating static

fringes over a ten second exposure time. b) CCD image and irradiance profile of bi-
static measurements demonstrating time-varying (blurred) fringes.
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Figure 4 illustrates a measured irradiance profile (one second exposure time) superposed
upon a theoretical prediction calculated from Eq.(8) for a situation where there is an
appreciable pointing error. The agreement between theory and experiment is excellent.

The asymmetry of the three-fringe pattern is a measure of the pointing error and can be

quantified by defining the following asymmetry parameter
I,-1 1
I, +1,

where 11, I2, and I3 are the peak irradiance of the three fringes as illustrated in Figure 4. This

asymmetry parameter can be accurately measured, and is quite sensitive to the pointing error.
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Figure 4. Theoretical EBS function (caused by a dual aperture) superposed upon an
experimental measurement in the presence of turbulence (one second
exposure time). The asymmetry in the side lobes due to pointing error

is evident.

2.1. INTERFEROMETRIC POINTING SENSITMTY

Since the Young's fringes remain stable even in the presence of temporally varying random
phase errors, the above asymmetry parameter can be plotted versus the telescope pointing error
to produce a calibration curve which indicates that interferometric pointing sensitivity can be
achieved with this reciprocal path scattering technique. Figure 12 illustrates this
interferometric sensitivity, as well as the 2x ambiguity that accompanies many interferometric

measurements.
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Figure. 5 Pointing error calibration curve indicating interferometric accuracy.



2.2 COMPARISON OF EXPERIMENTAL DATA WITH COMPUTER SIMULATIONS

An extensive series of CCD images were recorded as the target in the object plane was
sequentially displaced by a precise amount with a translation stage fitted with a micrometer
adjustment. A propane burner was used to produce the random phase screen and each image
was recorded with a ten (10) second exposure time. The asymmetry parameter was calculated
and superposed upon the pointing error calibration curve as illustrated in Figure 6. Note that
the displacement of the target has been divided by the focal length of Lens#1 to convert the

ordinate of the calibration curve to angular units.
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Figure 6. Comparison of experimental data with theoretical predictions.

A small adjustment in the slope of the experimental curve was made to correct for a
systematic error (average wavefront tilt across the aperture) in the experimental data, and the
root-mean-square (rms) error in the measured asymmetry parameter for this set of data was

calculated

2
(Rac ‘Rth) . (10)

Rm.s - N
Dividing this by the slope of the calibration curve yields the accuracy to which the pointing
error can be determined by this method. The rms error in the measurement of the telescope
pointing error for these twenty-seven (27) data points is less than a tenth of an arc min
rms Error = 0.09774 arc min. (11)
This is best expressed as a fraction of the angular width of the diffraction-limited point spread
function (PSF) of the telescope aperture as illustrated in Figure 7.

Diffraction-limited
PSF

Ogiy = 2.444/D
Figure 7. Diffraction-limited angular PSF of the pointing telescope
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In our laboratory experiment, A = 0.6328um and D = a + b = 0.65mm; hence

Yms _ 0.09774 arc min
2.44A/D
oy

We have thus demonstrated with this laboratory experiment that the EBS phenomenon can be
exploited to measure telescope pointing errors through a random media or turbulent
atmosphere to approximately 1% of the angular width of the diffraction-limited PSF of the pointing
telescope.

=0.012. (12)

3.0 GROUND TO SATELLITE LASER EXPERIMENT

The proposed satellite experiment would demonstrate the requirements for very high data rate
communications by measuring the fading time of the laser signal as a function of the pointing
error of the ground communication laser beam. Two transmitter/receivers will transmit beams
to illuminate the satellite. The reflected waves will be received by the ajacent

transmiiter/receiver.
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Fig. 8 Dual laser beams used for tracking of satellite using RPS. Only the return signal from the
adjacent transmitter is used and the return signal from the orginating transmitter is rejected by
polarization discrimination technique.

The fading of the ground communication beam will be measured by an intensity detector on
board the satellite. A portion of the beam will be reflected by a retro-reflector on the bottom of
the satellite. The retro-reflector-ed signal will be detected on the ground by an array of
detectors. The signals from each of the detector in the array will be combined coherently. The
average fade time of the combined signal will then be measured. The diagram of the proposed

experiment is shown in Figure 9.
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Fig. 9. Composite diagram of the satellite tracking and laser communication experiment.

The tacking of the satellite will be with two pairs of laser beams arranged in orthogonal planes.
The four beams will use reciprocal path scattering to mitigate the fluctuations induced on the
beams by atmospheric turbulence.

The receivers on the ground will be an array of detectors arranged in a circle about the
transmitter aperture which will be a monostatic receiver. The transmitter laser beam will have a
wavelength in the near infrared (1.06 micron wavelength). The transmitted beam will be
detected at the satellite and a portion will be reflected back to the ground. The received signals
from each aperture will be coherently detected
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Fig. 10. Two pairs of laser beams in orthogonal planes will be used to track the satellite. The
scheme will use Reciprocal Path Scattering (RPS) to suppress jitters of measured position due to
atmospheric turbulence.
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