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Abstract

Heterodyne detection is known to be highly sensitive to wavefront distortions. However, quantitative measurements of
the effects of aberrations are not easy to obtain. We propose to use a liquid-crystal spatial light modulator as a programmable
wavefront aberrator. This allows us to simulate experimentally a coherent detection system at ls632.8 nm. Two

Ž .frequency-shifted plane waves backscattered signal and local oscillator are generated. The programmable liquid-crystal
wavefront aberrator is used to computer-control the phase of the backscattered signal, and the heterodyne efficiency is
measured. We present experimental measurements of the field-of-view, the effect of defocus and the sensitivity to
atmospheric perturbations. In all three cases, the experimental data are compared to the theoretical predictions. q 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Heterodyne detection is a powerful technique to re-
cover a small signal in noise, and is broadly used in many

w xoptronic-sensing devices 1–4 . It is usually based on the
w xfollowing optical configuration 5 : two frequency-shifted

coherent beams are generated. The first one, the local
oscillator, is kept in the system as a reference. The second
one is used to illuminate a remote target, such as particles
of dust in the atmosphere, which partially reflects it. A
fraction of this backscattered signal is then collected. This
wave carries useful information, such as the target Doppler
frequency-shift in speed-sensing. However, in order to
improve the signal-to-noise ratio when extracting this in-
formation, the backscattered signal must be demodulated
by the local oscillator. This is possible because the two
beams are, at least to a certain extent, partially coherent.
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The local oscillator and the backscattered signal wave-
fronts are superimposed by a beam splitter, and then
focused on a rapid detector. In the ideal case, the two
wavefronts are plane, limited transversely by the same
pupil and the beam splitter is aligned such that the waves
are perfectly parallel. Hence, both focal spots have Airy
distributions, and the interesting part of the electrical sig-
nal at the output of the detector is a signal beat, the
so-called heterodyne signal, whose frequency is the differ-
ence between those of the backscattered signal and local
oscillator. The heterodyne efficiency is expressed in the

w xpupil as 5,6 :

2

A r A r d rŽ . Ž .H LO BS
PUPIL

hs . 1Ž .
2 2

A r d r A r d rŽ . Ž .H HBS LOž / ž /PUPIL PUPIL

In the above formula, A and A are, respectively,BS LO

the backscattered signal and local oscillator electric fields
in the pupil, and the integrals are taken over all the surface
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of the pupil. Note that the expression of the heterodyne
efficiency h in the focal plane is exactly the same, but
with the integration taken over the detector, provided the
dimensions of the detector are sufficiently large compared
to that of the Airy spots. Ideally, h should be equal to
unity. This is the case if both Airy distribution spots have
the same size, but not necessarily the same intensity. If the
dimension of one of the two pupils changes, then the
dimension of one spot changes as compared to the other,
and h decreases consequently.

In practice, the backscattered signal wavefront is af-
w xfected by the reflection on the target 7 and by the

w xatmospheric perturbations 5 along the propagation path.
The backscattered signal wavefront obtained on the pupil
of the system then presents a speckled pattern, and its focal
spot is broadened. Therefore, the portion of the backscat-
tered signal spot interfering with the local oscillator spot
decreases, and causes the heterodyne signal to fall down.
Moreover, without even being distorted, the backscattered
signal wavefront arriving on the pupil can possibly have a
variable direction of propagation or tilt, which makes the
backscattered signal and the local oscillator wavefronts
misaligned and the focal spots not perfectly superimposed.
In this case, the size of the interfering parts of the two
spots decreases, and the heterodyne signal also falls down.
Therefore, heterodyne detection is highly sensitive to every
phenomenon which affects the form and the position of the
backscattered signal spot on the detector, or equivalently to
the aberrations of the backscaterred wavefront. A simple
calculation in the case of tilt can help understand this
sensitivity. For a pupil Ds2 cm wide, a focal length
fs25 cm and a wavelength ls632.8 nm, the width of
the Airy distribution in the focal plane is ds2.44l frDf
19 mm. If the two spots are separated by 19 mm, they
cancel almost exactly and hf0. This happens when the
backscattered signal is exactly tilted with an angle uf
tan usdrff77 mrad, which is indeed very small. The
sensitivity of heterodyne detection is theoretically well
known, but although experimentally it has been qualita-
tively observed, precise quantitative measurements are very
difficult to obtain. The reason for this is simple: in order to
perform a systematic series of measurements, the experi-
menter has to be able to control precisely the phase of the
backscattered signal wavefront. For instance, when mea-
suring the influence of tilt on heterodyne efficiency, all
possible tilt angles have to be generated and controlled.

An interesting solution has appeared in the last few
years to achieve an arbitrary wavefront shape, which uses
a programmable phase-modulating spatial light modulator
Ž . w x7SLM . Recently, Tataki and Ohzu 8,9 proposed and
demonstrated the use of a pure-phase liquid-crystal SLM
to modulate the transfer function of a fixed lens. This idea

w xwas extended in Ref. 10 to a twisted nematic liquid-crystal
SLM, derived from a commercial liquid-crystal television.
This is the wavefront aberrator we use in this work.
Although this kind of SLM always shows coupled ampli-

w x Ž . Ž .Fig. 1. From Ref. 10 : measured amplitude R and phase Dw

modulation characteristics for the twisted nematic liquid-crystal
SLM used in the experiments for a 632.8 nm wavelength. Each
point is obtained for a different voltage applied to an individual
pixel of the SLM. As the SLM is driven by a frame grabber,
voltages are represented as grey levels of the displayed image.
The desired phase image is simply projected onto the modulation

Ž w x .characteristic see Ref. 10 for more details .

tude and phase modulation, and the phase modulation is
Žlimited to 3pr2 see the phase-amplitude characteristics

.on Fig. 1 , it was shown to provide accurate results for
image translation and focus control. Translation and focus
control are, respectively, achieved by displaying a
Fresnel-prism-type or a Fresnel-lens-type phase function

w xon the SLM. The reader is referred to Ref. 10 for more
details. This programmable wavefront aberrator can be
applied to generate any distorted phase screen, and espe-
cially to simulate atmospheric turbulence. The main idea
of this article is to introduce such a twisted nematic
liquid-crystal SLM in the pupil of a heterodyne detection
system, in order to control the phase of the signal wave-
front. Hence, the backscattered signal is artificially gener-
ated and smoothly controlled in the presented experiments.
This allows us to investigate experimentally the sensitivity
of heterodyne detection to wavefront aberrations.

The experimental set up is first introduced and de-
scribed. The influence of misalignment, defocus and atmo-
spheric turbulence on heterodyne efficiency are then stud-
ied experimentally and compared to theoretical predictions.

2. Experimental

The experimental set up is depicted on Fig. 2. The
output of a He–Ne laser at ls632.8 nm is injected in an

Ž .acousto-optic modulator AOM driven by a 45-MHz
acoustic signal. The 1st-order is deflected and frequency-

Ž .shifted with respect to the 0th-order Dns45 MHz .
These two beams then enter a Mach–Zendher interferome-
ter. In the first arm, the 0th-order is expanded and passed
through a circular aperture, and serves as the local oscilla-
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Fig. 2. Optical set up: AOM, acousto-optic modulator, 45 MHz; BE , BE , beam expanders; S Apert., signal aperture, Øs18 mm; LO1 2

Apert., local oscillator aperture, Øs3 mm; P , P , P , polarizers; Bsp, beam splitter; PD, photodetector, F , focusing lens.1 2 3 1

tor. In the second arm, the 1st-order is also expanded,
passed through a circular aperture and controlled by the
SLM wavefront aberrator. The 1st-order is used as the
signal beam. Both beam-expander plus aperture groups are
set up so that two plane waves are obtained with quasi-
constant intensity. However, the local oscillator aperture is
smaller than the signal one. The SLM aberrator system is
composed of an input polarizer, a nematic-twisted liquid-
crystal television, and an output polarizer. The relative
orientations of the two polarizers are chosen so as to
obtain the quasi-phase characteristics of Fig. 1. The SLM
is driven by VGA signals, and provides 640=480 inde-
pendent pixels. Both local oscillator and signal beams are
superimposed by a beam-splitter and then focused on a
1-mm photodiode using lens L . The photodiode has a1

sufficiently large bandwidth to measure both the 45-MHz
beat and the continuous signal. Since the local oscillator
and signal apertures are different, the two spots are also
different in size. However, both are sufficiently smaller
than the detector, so that approximately all of the energy of

Ž .both spots are collected. In these conditions, Eq. 1 can be
replaced by:
h

2

Ž . Ž .A r A r d rH LO BS
DETECTORf

2 2Ž . Ž .A r d r A r d rH HBS LOž / ž /
DETECTOR DETECTOR

V 2
BEAT

s . 2Ž .
2V VBS LO

This approximate formula allows for a quantitative
evaluation of the heterodyne efficiency, since the numera-
tor is proportional to the square of the root mean square

Ž 2 . Žbeat voltage V given by the spectrum analyzer peakBEAT
.value at 45 MHz , while the two terms of the denominator,

V and V , are given by a voltmeter when masking oneBS LO

beam or the other. Therefore, in our set up, the heterodyne
efficiency can be easily measured and plotted as a function
of any kind of phase pattern generated by the SLM wave-
front aberrator.

Fig. 3 shows the experimental field-of-view of our
heterodyne detection system, i.e., the heterodyne efficiency

Ž .Fig. 3. Heterodyne efficiency h as a function of the tilt angle u

between local oscillator and signal wavefronts: u cut-off angleCO

for r s1.5 mm; u cut off angle for r s1.25 mm.LO C1 LO
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as a function of the tilt angle u between local oscillator
and signal wavefronts. This is a direct measurement of the
sensitivity to misalignments. The tilt angle u is obtained
by varying the slope of a Fresnel prism written onto the

w x w x w xSLM 10 . It was shown 11 , and using Ref. 12 that for
two plane waves incident in the pupil with a relative angle
u , and assuming constant amplitudes for A and A inLO BS

the pupil, h is theoretically given by:

22r 2 J ku rŽ .LO 1 LO
hs . 3Ž .ž /r ku rBS LO

In the above formula, r and r are the radii of theLO BS

two circular apertures with r -r and ks2prl. TheLO BS

theoretical curve of Fig. 3 is plotted for r s1.25 mm,LO

whereas the measured value is r s1.5 mm. This differ-LO

ence can be explained by the fact that the intensity distri-
butions of the two wavefronts are truncated Gaussian
rather than truly uniform functions. Therefore, the widths
of the two focal spots are broadened, which implies that
the curve on Fig. 3 is larger than expected. However, on
Fig. 3, the cut-off angle given by the antenna theorem
w x Ž .6,13 , which is taken to be conventionally u slr 2 r ,C LO

is estimated to be u s210 mrad with r s1.5 mm,C0 LO

which is compatible with u s253 mrad obtained withC1

r s1.25 mm. From these results, it can be concludedLO

that experiment and theory are in good agreement.
In order to determine the defocus sensitivity of the

heterodyne efficiency, the same measurement technique
can be used, but in this case, a Fresnel lens must be written

w xonto the SLM 10 , and its focal length varied progres-
sively. In this way, the curvature of the signal beam is
modified, whereas the local oscillator remains perfectly
focused on the detector. The experimental results are shown
in Fig. 4, where the heterodyne efficiency is plotted as a
function of the defocus, expressed as a percentage of the
focal length variation generated by the SLM normalized to

Ž .Fig. 4. Heterodyne efficiency h as a function of the defocus
Ž .percentage of F s250 mm .1

Ž .the focal length of F fs250 mm . The theoretical curve1

of Fig. 4 is obtained by numerical integration in the pupil
plane, assuming plane waves with uniform illumination
incident on the SLM and for the local oscillator, and taking
into account the propagation between SLM and lens F .1

The local oscillator aperture dimension was taken to be
r s1.5 mm in this computation, i.e., the measuredLO

value, instead of 1.25 mm as in the case of the tilt angle.
This can be explained by the fact that the heterodyne
efficiency in the case of defocus is much less sensitive to
the Gaussian non-uniformity of the wavefronts. Again,
experiment and theory agree reasonably well, at least for
small values of defocusing. For large defocus, the experi-
mental heterodyne efficiency tends to a constant whereas
theoretically, it should tend to zero. This can be explained
by the fact that the SLM cannot display perfectly the high

w xfrequencies that appear for large defocus 10 , so that there
is always a background of undiffracted light coherent with
the local oscillator.

3. Results and discussion

The tilt and defocus aberrations considered above are
the most simple aberrations that can be conceived, and
they serve well to qualify the robustness of heterodyne
detection. However, for practical implementations, atmo-
spheric propagation generates turbulent complex wave-
fronts. It is generally accepted that a good approximation
to turbulence is provided by random correlated Kol-

w xmogorov phase screens 14 . In our method, prior to being
written onto the SLM, these phase screens can be gener-
ated in the following way. First a two-dimensional array of
size N=N of uncorrelated Gaussian noise is generated

2 Ž .2 Ž .2with zero mean and variance s s 2p r Db , where
Db is the actual pixel dimension. A discrete Fourier
transform is then applied to this array, and the resulting
array is filtered to produce a desired power spectral density
Ž . w xPSD . According to previous works 14,15 , the PSD of
the phase w induced by propagation in a medium with a
strength of turbulence C 2 constant along the path R is:n

C 2
ny2r3 11r3 y11r3F k s0.033 2p R DbN k , 4Ž . Ž . Ž . Ž .w 2l

Ž 2 2.1r2where ks i q j is the spatial frequency, with i and
j the two indexes of the array numbered from 1 to N.
Hence, the filter function is simply given by:

1r2
T k s F k . 5Ž . Ž . Ž .w w

w xFried 5 showed that the influence of the three factors
R, l and C 2 can be gathered in a simple parameter r , then 0

Fried radius, which corresponds approximately to the mean
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Ž .Fig. 5. Heterodyne efficiency h as a function of the atmospheric
turbulence represented by 2 r r r r , Fried radius of the wave-LO 0 0

front in the pupil plan; r , radius of the local oscillator aperture.LO

diameter of the speckle cells in the pupil plane. Then, Tw

becomes:

1r2y11r36.88 2p k
y5r3T k s 0.033 2p r k .Ž . Ž .w 0 ž /2.91 NDb

6Ž .

Finally, a discrete inverse Fourier transform is applied
to the filtered phase noise, and a Kolmogorov power law
phase screen is obtained. Fig. 5 shows the experimental

Ž .results. Note that for each value of 2 r rr , 16 phaseLO 0

patterns were generated and displayed on the SLM, so that
a mean value and a variance could be approximately
computed. The theoretical curve was generated by numeri-
cal integration in the pupil plane. For each value of
Ž .2 r rr , 100 phase patterns were generated, so that aLO 0

mean value and a variance could be calculated with rea-
sonable accuracy. Again, experiment and theory agree
reasonably well, especially for large values of r . It can be0

seen that the heterodyne efficiency decreases when the
Ž .diameter of the speckle cells r is smaller than the0

Ž .diameter of the local oscillator aperture r . For smallLO

values of r , the strength of the turbulence is such that the0

Kolmogorov phase screen varies very rapidly, and eventu-
ally tends to white noise. As the SLM cannot display

w xperfectly these high frequencies 10 , similarly to the case
of defocus, there is always a background of undiffracted
light which explains the non-zero experimental mean of

Ž .the heterodyne efficiency for large values of 2 r rr .LO 0

We proposed a laboratory experiment which is able to
simulate the behavior of a heterodyne detection system
subjected to phase aberrations. Any kind of wavefront
distortion can be introduced on the signal beam by using a
liquid-crystal SLM. The SLM we have used is an inexpen-
sive twisted nematic liquid-crystal television in VGA for-

Ž .mat 640=480 pixels , that can provide quasi-pure phase
modulation in transmission. Using this system, we mea-
sured the sensitivity of heterodyne detection to tilt and
defocus aberrations, and to atmospheric turbulence as rep-
resented by Kolmogorov phase screens. Experiment and
theory agree well within the experimental errors.
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