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An adaptive system having 70,400 wave-front control channels has been experimentally analyzed. Wave-
front control is based on the diffractive-feedback principle and requires neither a reference wave nor direct
wave-front measurements. The key system elements are a liquid-crystal television used as a phase modula-
tor, a CCD camera, and an optoelectronic feedback loop. Experiments demonstrated efficient suppression of
wave-front distortions belonging to a bandpass spectral domain. Results demonstrate the system’s potential
as a secondary high-resolution adaptive feedback system for adaptive optics applications. © 1999 Optical So-
ciety of America [S0740-3232(99)01510-0]

OCIS codes: 010.0010, 100.5070, 060.5060, 070.6020, 050.1970.
1. INTRODUCTION
Wave-front distortions that are small in comparison with
an optical system’s aperture size may significantly limit
the performance of a variety of optical systems: Atmo-
spheric imaging systems, laser communication systems,
optical processing systems, and industrial laser systems
are only a few on the list. The compensation of small-
scale phase distortions (phase noise) is in some sense a
more difficult task than the suppression of light intensity
fluctuations (intensity noise), which can be performed by
using a conventional Fourier filtering technique.1 The
system described here is designed to provide high-
resolution bandpass phase distortion compensation (fil-
tering). This phase noise filtering occurs without direct
phase distortion measurements and does not suffer from
significant energy losses.

Small-scale phase distortions can potentially be sup-
pressed by using known techniques such as nonlinear op-
tical phase conjugation,2 dynamical holography,3 or adap-
tive optics.4 All of these techniques have various
drawbacks that limit their practical application. Phase
conjugation typically requires that the source of the phase
distortions be located in the optical path of both the out-
going and reflected waves. The disadvantages of dy-
namical holography are the relatively low diffractive effi-
ciency and the necessity to have an undistorted reference
wave. A reference wave is also required for the more re-
cently developed high-resolution all-optical adaptive sys-
tems based on direct use of an interference pattern for
control of an optically addressed phase spatial light
modulator (phase SLM).3,5–7 Conventional adaptive op-
tics techniques based on direct wave-front measurements
and the use of controllable mirrors or liquid-crystal (LC)
phase modulators are effective only for the compensation
of large-scale phase distortions. The transition to high-
resolution adaptive wave-front control (more than 103

control channels) would lead to an unacceptable increase
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in system cost, size, and complexity primarily because of
the technical difficulties in high-resolution wave-front re-
construction.

Recently, new algorithms for high-resolution wave-
front control that do not require either a reference wave
or direct wave-front measurements—adaptive systems
with diffractive feedback—have been proposed.8–10 With
the diffractive-feedback approach, wave-front phase dis-
tortion correction is performed by using the intensity dis-
tribution of a wave that passes through a high-resolution
wave-front corrector and then diffracts a short distance in
the system’s feedback loop. Diffraction of this phase-
modulated wave provides for transformation of the re-
sidual wave-front phase distortion into its corresponding
intensity distribution, which can be directly used to con-
trol the input wave phase.

Here the first experimental implementation of a
diffractive-feedback adaptive system is reported, and its
potential is demonstrated for small-scale phase distortion
suppression. The phase modulator used in the experi-
ments is a twisted nematic liquid-crystal television
(LCTV) panel from the Epson Crystal Image video projec-
tor operated in the phase modulation regime. The num-
ber of control channels N in the adaptive system is equal
to the number of LCTV panel pixels (N 5 220 3 320
5 70,400). Wave-front correction is achieved by using
iterative control algorithms similar to those described in
Ref. 10. This work is different from previous experi-
ments with LCTV panel-based adaptive systems that
used a registered interference pattern as the feedback
signal.11–13

2. ADAPTIVE SYSTEM WITH DIFFRACTIVE
FEEDBACK: EXPERIMENTAL SETUP
A schematic of the experimental setup is shown in Fig. 1.
The argon laser beam (l 5 0.514 mm) was expanded to
1999 Optical Society of America
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a diameter of 30 nm and then passed through a multi-
element LC HEX127 phase modulator from Meadowlark
Optics, Inc. The LC modulator was used to introduce
piston-type phase distortions f(r) @r 5 $x, y% is a vector
in the transverse plane]. The phase modulator has 127
hexagon-shaped LC cells controlled by a personal com-
puter (PC1). Each cell is 1.15 mm in diameter with
36-mm spacing. The LC cell geometry is shown in Fig. 1
at the bottom left.

The distorted wave is incident on the adaptive system
shown inside the dashed box in Fig. 1. The adaptive sys-
tem consists of a LCTV panel (LC phase SLM with clear
aperture 20 3 26 mm), two lenses (L1 and L2), a CCD
camera, an EPIX image processing system based on a per-
sonal computer (PC2), and a third computer (PC3) that
controls the LCTV panel electronic driver. The LCTV
panel introduces an additional phase modulation u(r)
that attempts to compensate wave-front distortions in the
input wave. The depth of the introduced phase modula-
tion is dependent on the controlling signal v(r), which is
measured in video signal gray levels. The controlling
signal v(r) was formed through digital processing of the

Fig. 1. Schematic of the adaptive system used in the experi-
ments. The focal lengths corresponding to lenses L1 , L2 , and
L3 are f1 5 1000 mm, f2 5 125 mm, and f3 5 350 mm.

Fig. 2. Phase-modulation characteristic of the LCTV.
intensity distribution Id(r) as registered by the CCD cam-
era and then sent to the driver controlling the LCTV
panel. The LCTV driver was adjusted so that the phase
modulation characteristic u 5 F(v) was close to linear, as
shown in Fig. 2. The image v(r) was displayed on the
monitor of PC3. As seen in Fig. 2, the wave-front correc-
tion dynamical range for the LCTV panel was on the or-
der of 2p rad. Note that the LCTV panel itself intro-
duced large-scale parasitic phase and intensity
modulations with a peak-to-valley value on the order of
10% of the entire dynamical range.

The LCTV panel was located in the front focal plane
of lens L1 (Fig. 1). Diaphragm D was placed in the com-
mon focal plane of lenses L1 and L2 and used as a low-
pass spatial filter. With a fully opened diaphragm, the
lens system decreased the input beam size by a factor of
M 5 8 in the rear focal plane of L2 (z 5 0). Diffraction
of the phase-modulated wave occurred between the
plane z 5 0 and the plane of the CCD camera imaging
chip (z 5 L). The CCD camera (Panasonic CCTV) has
771 3 492 pixels within an active area of 4.82 3 3.64
mm. The input beam size was decreased for two reasons:
(1) to provide an approximate match between the LCTV
and CCD active area sizes (an additional image scaling
was performed digitally) and (2) to decrease the required
diffractive distance L by a factor of M2.10 In the experi-
ments the wave diffraction length L was on the order of
4–10 nm.

The registered intensity Id(r) was displaced on the TV
monitor and digitized. The controlling image v(r) was
calculated based solely on the intensity distribution Id(r).
Wave-front correction efficiency was then analyzed by us-
ing the output beam spatial spectrum obtained by the
Fourier lens L3 . Measurements of the laser beam en-
ergy P inside a pinhole of size 50 mm located in the focal
plane of lens L3 were used to calculate the Strehl ratio
St 5 P/P0 , where P0 is the laser beam energy corre-
sponding to the undistorted input wave.

3. WAVE-FRONT CONTROL: ALGORITHMS
AND SIGNAL PROCESSING
Control algorithms for phase distortion correction based
on the diffractive-feedback approach were analyzed
in Ref. 10. A control algorithm defines dependence
of a phase modulation function u(r,t) on the measured
information [diffractive Id(r, t) and input I in(r)
intensity distributions]. In the case of diffractive feed-
back, this dependence can be expressed in the form of a
nonlinear differential (integro-differential) or iterative
equation describing control system dynamics.
Stationary-state solution of the control equation should
correspond to wave-front correction and result in the spa-
tially uniform residual phase d (r, t) 5 u(r, t) 1 f(r):
d (r, t) → constant for t → `. Represent the control
algorithm in the form of a continuous dynamical
process10:

t
du~r, t !

dt
1 u 5 KwFB~r, t !, (1)
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wFB~r, t ! 5 E h~r 2 r8!F@Id~r8, t !, I in~r8!#d2r8. (2)

Here u(r, t) is the introduced phase modulation, t is the
system time response, and K is the feedback gain coeffi-
cient. The convolution integral in Eq. (2) describes spa-
tial filtering applied to function F. The spatial filter re-
sponse function h(r) is the Fourier transform of the
spatial filter transfer function H(q), where q is the spa-
tial frequency. Spatial filtering is required to prevent
control system instability. Phase distortion compensa-
tion can be achieved by using various functions for F and
h(r). In the simplest case, Kerr-slice/feedback mirror-
type dynamics,8,9 the function F is dependent solely on
the measured diffractive intensity distribution: F(r, t)
5 Id(r, t). For this case, instead of Eq. (2), we have

wFB~r, t ! 5 E h~r 2 r8!Id~r8, t !d2r8. (3)

In the experiments the following modified discrete version
of algorithm (1) and (3) was used:

ui, j
~n11 !

5 ~1 2 a!ui,j
~n ! 1 Kwi, j

~n ! ,

wi, j
~n ! 5 Ii, j

~n ! * hi, j ~i 5 1,..., Nx , j 5 1,...,Ny!, (4)

where a and K are coefficients, ui, j
(n11) is an image array of

size Nx 3 Ny (320 3 220) at the (n 1 1)th adaptation
process iteration, and Ii, j

(n) is an array corresponding to the
registered intensity distribution Id(r, tn) after scaling.
The notation Ii, j

(n)
* hi, j stands for the discrete convolution

of Ii, j
(n) with a filtering function hi, j . To keep phase

modulation in the operational range (0–255 gray levels),
the controlling image vi, j

(n11) driving the LC phase SLM
was obtained by subtracting the aperture-averaged value
ū (n11) 5 (NxNy)21( i, jui, j

(n11) :

vi, j
~n11 !

5 ui, j
~n11 !

2 ū ~n11 ! 1 const. (5)

The constant in Eq. (5) was added to have an averaged
phase modulation in the middle of the modulation char-
acteristic of the LCTV panel.

Along with digital filtering, we also used a low-pass op-
tical Fourier filter. In this case the control algorithm can
be simplified:

ui, j
~n11 !

5 ~1 2 a!ui, j
~n !

1 KĨ i, j
~n !,

vi, j
~n11 !

5 ui, j
~n11 !

2 ū ~n11 ! 1 const

~i 5 1,..., Nx , j 5 1,..., Ny!, (6)

where Ĩ i, j
(n)

is an array corresponding to the intensity dis-
tribution Id(r, tn) in the system with low-pass optical
spatial filter. In the experiments spatial filtering was
performed by using the diaphragm D in Fig. 1. Replac-
ing digital filtering by optical filtering simplifies the con-
trol algorithm, resulting in faster convergence.

An important factor for the adaptive system’s perfor-
mance is the input wave intensity modulation. In adap-
tive systems based on the diffractive-feedback principle,
input beam intensity modulation may cause the appear-
ance of an additional phase distortion.9,10 To decrease
the influence of the input field intensity modulation
I in(r), the control algorithm (4) and (5) was modified by
introducing the spatially modulated gain coefficient K(r):

Ki, j 5 K@2 2 Ii, j
ref

/max~Ii, j
ref

!#, (7)

where I i, j
ref is an array corresponding to the diffractive in-

tensity distribution measured in the absence of phase dis-
tortions (reference intensity).

4. SPATIAL SPECTRAL BAND FOR PHASE
DISTORTION COMPENSATION
An adaptive system with diffractive feedback can compen-
sate phase distortions belonging to a limited spectral
band @qA, qB#. This spectral band is dependent on the
system’s spatial filter cutoff frequency qcut and the dif-
fractive length L.9,10 Consider the principal require-
ments for the parameters qcut and L. In the absence of
spatial filtering, the feedback system is unstable if the
gain coefficient exceeds a threshold value of uKu . uKthu.
Spatiotemporal instability occurs within the spectral
range q . q1 , where q1 5 2p(lL)21/2.8,9 The spatial fil-
ter cutoff frequency qcut and the adaptive system opera-
tional spectral band @qA, qB# can be determined based on
stability analysis of the system.

For a simple low-pass spatial filter with cutoff fre-
quency qcut 5 q1 , spatial frequencies qA and qB are de-
rived in Appendix A: qA 5 @p21 arcsin(0.5uKu21)#1/2q1
and qB 5 q1 2 qA . Knowledge of qA and qB allows
estimation of the range of phase distortion spatial
scales rs , l , rl that the adaptive system is capable of
compensating. For an adaptive system with beam
size demagnification in the feedback loop, rl 5 2pM/qA
and rs 5 2pM/qB . Using this approximation
arcsin(0.5uKu21) > 0.5uKu21 valid for uKu @ 1, we can
simplify these formulas: qA > @2p/(lLuKu)#1/2, rl
> M(2plLuKu)1/2, and rs > M(lL)1/2. When the gain
coefficient uKu is increased, the width of the spectral band
@qA, qB# increases. In the adaptive system described
here, the gain coefficient uKu was on the order of 4–8
(uKthu 5 0.5). For a characteristic diffractive distance
L 5 4 mm, gain coefficient uKu 5 4, and magnification
M 5 8, we obtain q1 > 1380 cm21 and qA
> 0.2q1 . The corresponding phase distortion spatial
scales are rl > 1.8 mm and rs > 0.45 mm. Thus the
adaptive system was able to compensate phase distor-
tions having spatial scales l in the range 0.45 mm , l
, 1.8 mm.

To increase the adaptive system’s operational range,
we must decrease the diffractive length and increase the
gain coefficient. The ability to decrease L to less than 4
mm is limited by the resolution of the phase modulator
(pixel size of the LCTV). Increasing uKu increases the un-
desired influence of input beam intensity nonuniformities
on phase distortion compensation efficiency. For uKu . 8
additional phase distortions appeared, resulting from
nonuniformities in the input beam intensity.

5. PHASE DISTORTION COMPENSATION:
EXPERIMENTAL RESULTS
The results of adaptive system operation are shown in
Figs. 3–6. Phase distortions were introduced into the in-
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put laser beam by applying random voltages $gm% (m
5 1,..., 127) to the HEX127 phase modulator elements.
The random values $gm% had a uniform probability distri-
bution in the interval @2g 1 g0 , g 1 g0#, where g0 is the
dc component and g is the amplitude. The value g0 was
added to operate in the linear region of the HEX127
modulation characteristic. The applied voltages caused
random piston-type input wave phase shifts fm : $2f
1 f0 < fm < f 1 f0%, resulting in wave-front distor-
tion. The wave-front distortion peak-to-valley amplitude
is 2f. This amplitude was controlled by the voltage am-
plitude g.

Consider first results of the adaptation process in a sys-
tem with a low-pass optical filter (diaphragm D in Fig. 1),
shown in Fig. 3. Wave-front correction was based on it-
erative procedure (6) with a50.4, K 5 24, and L 5 4
mm. The amplitude of the random phase distortions f
was 0.6p rad. Phase distortion compensation efficiency
can be examined by using diffractive intensity distribu-
tions Id(r, tn) registered during the adaptation process.

The intensity Id(r, tn) for the first three iterations is
shown in Figs. 3(a)–3(c). The introduced random phase
distortion resulted in a highly nonuniform initial diffrac-
tive intensity pattern Id(r, tn) (n 5 0), as seen in Fig.
3(a). Wave-front correction suppressed most of the in-
tensity modulation high-spatial-frequency components,
as shown in the intensity pattern Id(r, tn) (n 5 3) in Fig.
3(c). The controlling LCTV panel image v(r, t3) is
shown in Fig. 3(d). The wave-front correction in Fig. 3
caused the Strehl ratio to increase from 0.6 to 0.78. Typi-
cally, a stationary-state diffractive intensity pattern was
achieved after 3–4 iterations, with an iteration rate of ap-
proximately 2 s per iteration.

As discussed in Section 4, the adaptive system with dif-
fractive feedback provides only bandpass-type phase dis-

Fig. 3. Experimental results of phase distortion compensation
in a system with optical filtering: diffractive intensity registered
by the CCD camera (a) without adaptation (b) after the first it-
eration, (c) after the first three iterations; (d) is the controlling
gray-scale pattern corresponding to (c).
tortion compensation. Furthermore, adaptation may re-
sult in the appearance of additional large-scale phase
distortions. The origin of these phase distortions is
large-scale nonuniformities present in the input/
diffractive intensity distribution [see, for example, the
stripes in Fig. 3(c)]. Because of the controlling signal’s
dependence on the diffractive intensity, these nonunifor-
mities are transformed into a corresponding modulation
of the controlling image and phase [see the stripes in the
controlling image in Fig. 3(d)]. This induced large-scale
phase modulation cannot be compensated by the adaptive
system itself.

The impact of input field intensity modulation can be
decreased by using the control algorithm with spatially
modulated gain coefficient (7) described in Section 3.
Figure 4 presents results of adaptation obtained by using
control algorithm (4) with the spatially modulated gain
coefficient (7). The spatial filtering in algorithm (4) is
performed digitally, and thus the optical spatial filter was
removed. The introduced phase distortion amplitude
was f 5 3p rad. The initial diffractive intensity modu-
lation caused by the phase distortion seen in Fig. 4(a) was
largely compensated in the stationary-state intensity pat-
tern in Fig. 4(b). The remaining large- and small-scale
intensity modulation seen in Fig. 4(b) indicates the pres-
ence of residual phase distortions that do not belong to
the system operational band. Note that the stripe-type
large-scale modulation seen in the images in Figs. 3(d)
and 4(b) is barely present in the controlling image in Fig.
4(c). This demonstrates that using a spatially modulated
gain coefficient can reduce the influence of input beam in-
tensity modulation.

Fig. 4. Compenstion of phase distortions by using a control al-
gorithm with spatially modulated gain and digital filtering: (a)
and (b) are diffractive intensity patterns [(a) without adaptation
and (b) after five iterations], (c) is the controlling gray-scale pat-
tern corresponding to (b), and (d) shows spatial spectra corre-
sponding to distorted (top) and corrected (bottom) output waves.
Wave-front correction was based on iterative procedure (4), (5),
and (7) with a50.4, K 5 2 4, and L 5 4 mm.
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Spatial spectra for both distorted and corrected waves
are shown in Fig. 4(d). To show the redistribution of the
energy in the spatial spectra caused by adaptation, both
images in Fig. 4(d) are normalized by the corresponding
maximum intensities. Adaptation narrowed the spatial
spectrum and increased the amplitude of the zero spectral
component. As a result of bandpass phase distortion
compensation, the Strehl ratio increased from 0.25 to
0.45.

Diffractive-feedback system efficiency for compensating
‘‘natural’’ small-scale phase distortions was analyzed by
using a piece of Plexiglas placed in front of the HEX127
phase modulator shown in Fig. 1. This standard Plexi-
glas plate has a nonuniform thickness related to the
manufacturing process. The thickness variation caused
phase distortions having a characteristic spatial scale on
the order of 0.3–1.0 mm and a characteristic phase distor-
tion amplitude ranging from 0.2p to 1.0p. The Strehl ra-

Table 1. Diffractive-Feedback System Phase
Distortion Compensation Efficiency

Aberration
Amplitude

f (rad)

^St&
without

Adaptation

^St& with Adaptation

L 5 4 mm,
K 5 4

L 5 8 mm,
K 5 8

1.8 (HEX127) 0.60 0.78 0.78
4.4 (HEX127) 0.35 0.56 0.65
6.9 (HEX127) 0.28 0.48 0.57
Plexiglas 0.30 0.40 0.50
8.9 (HEX127 and

Plexiglas) 0.15 0.25 0.40

Fig. 5. Adaptive compensation of phase distortions introduced
into the input beam by using (a), (b) Plexiglas plate and (c), (d)
both the Plexiglas plate and the HEX127 phase modulator; (a)
and (c) are the diffractive intensity patterns without adaptation,
and (b) and (d) are those with adaptation. Wave-front correction
was based on iterative procedure (6) with a 5 0.3, K 5 24, and
L 5 4 mm.
tio correspondingly decreased from 0.5 to approximately
0.25. The adaptive system was able to increase the
Strehl ratio up to 0.45. As shown in Figs. 5(a) and 5(b),
patterns for the diffractive intensity distributions ob-
tained before and after adaptation demonstrate efficient
suppression of the Plexiglas-induced phase distortions.

Multiscale phase distortion compensation is demon-
strated in Figs. 5(c) and 5(d). Here both the Plexiglas
plate and the HEX127 phase modulator were used to cre-
ate phase distortions. The amplitude of random phase
aberration introduced by the HEX127 modulator was
f52p rad. The adaptive system was able to increase the
Strehl ratio by a factor of 1.5.

To increase the spatial width of the phase distortion
compensation band, values of both the diffractive length L
and the gain coefficient uKu were increased by a factor of 2
(L 5 8 mm and uKu 5 8). For these parameter values,
the adaptive system operational band was 0.5 mm , l
, 3.6 mm (for L 5 4 mm and uKu 5 4, 0.45 mm , l
, 1.8 mm).

Results of adaptation for various random phase distor-
tion amplitudes f are given in Table 1. Values of the
Strehl ratio ^St& were obtained by averaging over ten re-
alizations of the applied random phase aberrations.
Strehl ratio measurements were performed after five
wave-front correction iterations using iterative control al-
gorithm (4) and (7). The results in Table 1 show that ex-
tending the adaptation spatial band improved adaptive
system efficiency.

6. SPATIOTEMPORAL INSTABILITIES
Increasing the feedback gain coefficient uKu beyond a cer-
tain value can result in the appearance of different types
of spatiotemporal instabilities. Wavetype instabilities as
shown in Fig. 6(a) were observed in the presence of strong
(4–6-wavelength) large-scale phase distortions (tilts, defo-
cus, astigmatisms, etc.). The traveling-shock-wave-type
instabilities seen in Fig. 6(b) occurred when the value for
the coefficient a in algorithms (4) and (6) were set near
unity. The case a 5 1 corresponds to a control algorithm
without memory: Phase modulation is completely up-
dated at each iteration step. For a . 0.6 and uKu . 10,
the adaptation process was unstable in most cases. For
this reason the parameter a used in the experiments was
on the order of 0.1–0.5. Decreasing a slowed adaptation
process convergence.

Spatiotemporal instabilities in the form of transverse
patterns arose in the diffractive-feedback system when
the spatial filter bandwidth was increased. The self-
organized square and hexagon-type patterns shown in
Figs. 6(c) and 6(d) were obtained with the use of the
Gaussian-type spatial filter with characteristic band-
width qcut . q1 .

7. CONCLUDING REMARKS
An adaptive system having 70,400 control channels has
been experimentally demonstrated. Wave-front control
is based on the intensity distribution of a wave that
propagates a short distance between the wave-front cor-
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rector and a camera (diffractive feedback) and does not re-
quire either a reference wave or direct wave-front mea-
surements. This adaptive system based on the
diffractive-feedback principle is well suited as a high-
resolution secondary wave-front control system. The
diffractive-feedback system’s insensitivity to large-scale
wave-front aberrations leads to a reduction in cross talk
between conventional and secondary adaptive systems
and thus simplifies the entire adaptive system control al-
gorithm.

The low adaptation speed of approximately 0.2 Hz—a
major drawback of this adaptive system—is not the
obligatory price one must always pay for high-resolution
wave-front correction. The low adaptation rate is rather
a result of hardware-related problems typical in proof-of-
concept-type systems. The mismatch between the size
and pixel geometries of the standard CCD camera and the
LCTV panel resulted in time-consuming calculations re-
lated to scaling of the input (diffractive intensity) and out-
put (controlling phase) images. This mismatch problem
can be solved by using a customer-designed optically
coupled phase SLM and photoarray (complementary
metal-oxide semiconductor camera).

The second limitation is the operational rate of the
high-resolution phase modulator. With the use of a
LCTV panel, the maximum potential adaptive system
speed cannot exceed 10–20 Hz. The alternatives to
LCTV panels are fast LC phase SLM’s and micro-
electro-mechanical system (MEMS) mirrors. With the

Fig. 6. Spatiotemporal instabilities (diffractive intensity pat-
terns) in the adaptive system: (a) traveling waves originating
from wave-front tilts on the order of 5l, (b) traveling shock waves
observed at the boundaries of the large-scale phase distortion
area (heated Plexiglas plate), (c) square pattern, (d) hexagonal
pattern. Wave-front control was based on iterative procedure
(6) for (a) and (b) and (4) and (5) for (c) and (d); a 5 0.3 and K
5 28 for (a), a 5 0.8 and K 5 210 for (b), and a 5 0.3 and
K 5 21 for (c) and (d). Patterns (c) and (d) were obtained for
the Gaussian spatial filter with characteristic bandwidths qcut
5 1.2q1 for (c) and qcut 5 1.5q1 for (d). In all cases L 5 4 mm.
use of a commercially available LC phase SLM from Boul-
der Nonlinear Systems Inc. (spatial resolution of 128
3 128 or even 512 3 512 elements), adaptive system
speed may potentially exceed 200–300 Hz.14 Even
higher speeds (up to 1 kHz and more) can be achieved
when the new high-resolution MEMS mirrors soon be-
come available.15

Phase corrector speed should be matched to adaptive
system signal processing speed. This cannot be done by
using conventional digital image processing architec-
tures. One of the favorable features of the diffractive-
feedback approach is the potential for parallel computa-
tions based on analog VLSI systems. Indeed, with the
use of optical filtering, control algorithms (1) and (6) are
well suited for analog VLSI implementation.16 Integra-
tion of these existing technologies is a challenging task,
with the reward being a new category of high-resolution,
fast, and inexpensive adaptive optics technology.

APPENDIX A
Consider the spectral band @qA, qB# and the correspond-
ing spatial scale range of phase distortions that can be
compensated by a diffractive-feedback adaptive system.
For a simple low-pass spectral filter @H(q) 5 1 for q
, q1 and H(q) 5 0 otherwise], the adaptive system
spectral coefficient for phase distortion suppression has
the form10

T~q ! 5
C~q !

F~q !
5

1

1 2 2K sin~q2Ll/4p!
~0 , q , q1!,

(A1)
where F(q) and C(q) are spectral amplitudes of phase
distortions for the input and output (corrected) waves and
K , 0. The coefficient T(q) characterizes efficiency of
the diffractive-feedback adaptive system in compensating
phase distortions. As seen from Eq. (A1), for q → 0
(large-scale phase distortions) the spectral coefficient
T(q) → 1. This means that the adaptive system with
diffractive feedback cannot compensate large-scale phase
distortions.

To determine the adaptive system’s spectral band-
width, set the spectral coefficient T to 0.5 and find the cor-
responding spatial frequencies qA and qB from the condi-
tion T(qA, B) 5 0.5. Using Eq. (A1), we obtain

sin~LlqA,B
2/4p! 5 1/~2uKu!,

qA 5 @p21 arcsin~0.5uKu21!#1/2q1 ,

qB 5 q1 2 qA . (A2)

As seen from Eq. (A2), increasing the feedback gain coef-
ficient uKu leads to a corresponding increase of the adap-
tation spectral bandwidth. Knowledge of the spatial fre-
quencies qA and qB allows estimation of the range of
phase distortion spatial scales rl 5 2p/qA and rs
5 2p/qB that the adaptive system can compensate.
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