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Abstract; Firstly, we introduce the principle of wave-front shaping with stochastic parallel gradient descent
(SPGD) algorithm based on Zernike mode for adaptive optics in atmospheric turbulence, and achieve brief ex-
pression about Strehl ratio that makes convergence rate of SPGD algorithm be accelerated obviously. Then we
construct wave-front shaping system with SPGD algorithm of specific parameters, and mainly make detailed
simulations on the laws of convergence rate, shaping capability and shaping effect about distortion wave-front,
Zernike order and actuator number of deformable mirror. The qualitative results show that three change laws
are similar, and quantitative expressions of shaping capability and shaping effect are achieved by the least
square method. And it can be found from discussion that it§ better to select 37-unit deformable mirror to shape
3 ~27(25) order Zernike aberrations of distortion wave-front at the conditions of some shaping effect consider-
ing the nature of real-time and simplification of system.
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1 Introduction

How to shape distortion wave-front produced by at-
mospheric turbulence is a study focus in optical com-
munications and optical imaging. Recently, many
institutions have been doing many researches on dis-
tortion wave-front shaping by controlling deformable
mirror with stochastic parallel gradient descent
(SPGD ) algorithm. This adaptive optics system
without wave-front sensor can cut down the cost of
system and solve the problem that wave-front can’t
be detected because of light spot scintillation'"".

In 1997, M. A. Vorontsov et. al successfully
used SPGD algorithm in adaptive phase-distortion
correction'” | and then used SPGD algorithm in la-
ser focusing, laser communications, APPLE sys-
tem"*’ and astronomy imaging. In 2000, M. A. Voro-
ntsov et. al investigated convergence rate of SPGD
algorithm by controlling different elements liquid-
crystal phase modulator'*!. In 2009, Yang Huizhen
et al. made many simulations for shaping distortion
wave-front described by 3 ~ 104 order Zernike aber-
rations by controlling 61-unit deformable mirror with
SPGD algorithm from convergence rate and image
quality of SPGD algorithm, and achieved good sha-

ping effects'”’

papers 8

. It can be found from many relative
" involved with SPGD algorithm that no one
has investigated in detail and systematically the
change laws of convergence rate, shaping capability
and shaping effect of SPGD algorithm. In this paper
we focus on the above problems.

We use 6 frames of different distortion degree of

initial wave-front described by 3 ~119(117) order

doi;10.3788/C0.20140703. 0411

Zernike aberrations with Roddier method"®’ as sha-
ping objects and 6 kinds of different unit deformable
mirror as shaping device, and construct wave-front
shaping system with SPGD algorithm for adaptive op-
tics by selecting appropriate algorithm parameters,
and make detailed simulations for the law of adaptive
optics for wave-front shaping with SPGD algorithm in

atmospheric turbulence.

2 Principle of wave-front shaping with
SPGD algorithm based on Zernike
mode for adaptive optics in atmos-

pheric turbulence

2.1 Wave-front shaping theory based on Zerni-

ke mode in atmospheric turbulence
The degree of atmospheric turbulence can be meas-
ured by atmospheric coherence length r,, and pro-
duced distortion wave-front can be analyzed by
Zernike mode method. Results achieved by Noll
show that Zernike mode is not independent in statis-
tic. And Roddier solved this problem with Kar-
hunen-Loeve function by metric computations, and
all wave-front phase can be fitted by Zernike polyno-
mials. Distortion wave-front described by 3 ~M +3
(total; M) order Zernike aberrations ( not including
Zernike tilt aberrations) with Roddier method™® is
expressed as

M+3

e(x,y) = > aZ(x,y) +e=
i=3

Zaizi<x,y> , (1)

where € is fit residua neglected, Z,(x,y) is i-th
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Zernike polynomial and «, is the corresponding coef-
ficient. Expression (1) shows clearly that M, a; and
Z.(x,y) all influence distortion degree of wave-
front, and number of a, and Z,(x,y) is M. When M
is fixed, Z,(x,y) is also fixed. So distortion degree
of wave-front mainly depends on M and «,. By this
way can we obtain different wave-front with different
M and a;. Surface function( or phase compensation )

[5,7]

of N-unit deformable mirror is expressed as

N

w(x,Y) = ZUjS,-(x,y) +e', (2)

j=1

S,-(x,y) =

2 271“
exp{lnw . [ (x=x)" +(y-y) ] } , (3)
d
where &' is fit residua neglected,  is the coupling
value between actuators, d is the distance between
actuators and « is the Gaussian index. j is j-th actu-
ator of deformable mirror, S;(x,y) is response func-
tion of the j-th actuator, (x;,y,) is location of the j-
th actuator and v, is control voltage of the j-th actua-
tor.
If using the same Zernike polynomials Z,(x,y)
to fit S;(x,y), S;(x,y) can be expressed as

M
S(x,y) = > b Z(x,y) +&",  (4)
i=1

b, = szxx,y)s,-(x,y)dxdy, (5)

where &” is fit residua neglected, b is the constant
coefficient coupled by S, (x,y) and Z,(x,y). Be-
cause S; (x,y) and Z;(x,y) are selected in ad-
vance, all b; can compose a constant coupled metric
By

Then residual wave-front ¢ (x,y) in the sha-

ping course can be expressed as:

d(x,y) = o(x,y) +w(x,y) =

Zeizxx,y) : (6)

N
e, = a, + Zbijvj‘ (7)
i=T

Strehl ratio( SR) is a universal performance e-
valuation index, and express far field intensity ratio
between distortion wave-front and ideal wave-front at
light axis. By the orthogonality of Zernike polynomi-
als in unit circle and the principle of physics optics,
performance index of residual wave-front J can be
simplified as

]:SR:exp(—O'j)) =

exp[ - (AMxl + BMXNVNXI) :

T
(AMXI + BMXNVNXI) :I ’ (8)

where O'fb is variance of residual wave-front and
T

By.y = i sz Faens Vi = tog, 0, 0 L/ oyt
Ay =1ta,,aya,--ay,!”. For fixed initial distor-

tion wave-front A and B are two constant metrics, so
the expression (8) only depends on V, which accel-
erates convergence rate of SPGD algorithm.

Besides, expression (8) describes the princi-
ple of adaptive optics wave-front shaping and has
some theoretical meanings. From above analysis we
know that distortion wave-front depends on A and M ;
deformable mirror depends on N at some conditions;
constant coupled metric B depends on M and N. So
we can further achieve the relationship between per-
formance index and shaping object, and shaping de-

vice can be expressed as
J :f(]05M7N) ’ (9>

where J, is performance index of initial distortion
wave-front and reflect distortion degree of initial
wave-front at some extent. Expression (9) is more
obvious to describe the essence of adaptive optics for
wave-front shaping. We next investigate the law of
wave-front shaping with SPGD algorithm by selecting
different J, (by changing A) , M and N.

2.2 SPGD algorithm

SPGD algorithm can shape distortion wave-front by
controlling actuator voltage of deformable mirror,
and the procedure of bilateral SPGD algorithm is as

]

follows'" .

(1) Produce initial actuator voltage V'” =
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(0890l ---11]-(0) -»\”} | and obtain initial perform-
ance index J© = J(V)

(2) The n-th iterative voltage is v = ?vi") ,
$" ---vj(") -p{" |, and the corresponding perform-

ance index is J™ = J(V");

(3) Produce the n-th small random perturbation
voltage SV = {&)f") , 51)?) ...51)!{'1) "'6”1(\«'n) |, and
the amplitude is |511;") [ =03

(4)Then obtain

Ve = v s sVt (10)
81 = J(VI) =gV (1)
8] =8 -58J". (12)

(5) Compute (n +1)-th iterative voltage is
LA A 7 AV A (13)

where 7y is gain coefficient;

(6) Make program circulate from (2) to (5)
until it satisfies stop condition of program, and itera-
tions n or performance index J can be selected as the

stop program.

3  Simulation model

Work principle of wave-front shaping system with

! shown in

SPGD algorithm for adaptive optics'’
Fig. 1 is that performance index J and its variety AJ
can be computed by performance index analyzer from
data collected by CCD, and then the control voltage
of deformable mirror V = v, v, -+ vy is obtained
from AJ by SPGD algorithm. Circulate this work
course according to above procedure until satisfy the
stop condition of SPGD algorithm. The essence of
system is that the best control voltage of deformable
mirror V= {v, v, vy} can be gradually found
by SPGD algorithm, which makes performance index
J gradually approach to 1 and residual wave-front ¢
(x,y) gradually become ideal planar wave-front by
gradually changing surface function of deformable

mirror w(x,y).

Bx.y)

‘ w(x,y)

Deformable
mirror

Vo)

| ‘Beam splilter‘

=iy 5 )
V={vv,..v..00

Fig.1 Wave-front shaping system for with SPGD algo-

rithm for adaptive optics

127, 91, 61, 37, 19, 7" -unit deformable
mirror were selected as shaping devices and w =
0.08, a =2 shown in Fig. 2. Atmospheric coher-

197 and caliber of receiving

ence length r, =13 cm
device D =1.2 m were selected, and then 6 frames
of distortion wave-front were produced randomly in-
cluding 3 ~119(117) order Zernike aberrations with
Roddier method as shaping objects shown in Fig. 3.
And y =30, 6=0.1 and V' ={0,0---0---0} were
selected in bilateral SPGD algorithm. Then we use
Matlab7. 8. 0 to make simulation experiments respec-
tively for the change law of convergence rate, sha-
ping capability, shaping effect by selecting different
combinations among J,, M and N in computer of
Pentium ( R) Dual-Core CPU ES5300 @ 2. 60 GHz
2.62 GHz and 32-bit operating system, where J, is
shown in Fig. 3, M =117, 88, 63, 42, 25, 12,
and N =127, 91, 61, 37, 19, 7.

Fig. 2 N-unit deformable mirror ( N;127,91,61,37,
19,7)
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(d) Initial wave-front distribution with
RMS4,=0.1840 4 and./4,=0.2626

(e) Initial wave-front distribution with
RMS5,=0.1648 4 and J5,=0.3424

(f) Initial wave-front distribution with
RMS6,=0.12754 and J6,=0.5265

Fig.3 6 frames of initial distortion wave-front distribution including 3 ~119(117) order Zernike aberrations

(a:J1,=0.0190, b:J2, =0.0888, c:J3, =0.1601, d.J4, =0.2626, e:J5, =0.3424, {.J6, =0.5265)

4 Simulation results

4.1 Qualitative results of convergence rate of
SPGD algorithm
We select iterations n =1 500 as the stop condition
of SPGD algorithm, and achieve 216 sets of conver-
gence curve about the relationship between J and n
for different J,, M and N shown in Fig. 4. A large
scale of simulation figures are the same with Fig. 4 in
some range of J,, which mean that convergence
course of SPGD algorithm is stable, so selecting ran-
domly a set of results to analyze. We use curve slop
dJ/dn to measure convergence rate of SPGD algo-
rithm. Although the local results change, the whole
results show that convergence rate increases as
Zernike orders M decreases for given J, and N, in-

creases as actuator number of deformable mirror NV

decreases for given J, and M, and increases as dis-
tortion degree of initial wave-front decreases or J, in-
creases for given M and N, where the two latter is
more obvious than the former. From expression (8)
we can find that the element number MN of coupled
constant metric B influences convergence rate, and
the fewer MN is, the bigger convergence rate is. So
the results are consistent with theoretic analysis. If
we use needed iterations up to the same performance
index described as n; or obtained performance index
by the same iterations described as J, to measure
convergence rate, achieved conclusions are the same
with above conclusions. Besides, it's difficult to ob-
tain quantitative results about convergence rate be-
cause it have relations with parameters such as irrita-
tions n, voltage amplitude o, gain coefficient y and

SO OH[” .
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(a) Relationship between J and n with
different M and N for J1,=0.0190
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(b) Relationship between J and »n with
different M and N for J2,=0.0888
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(c) Relationship between ./ and n with
different M and N for J3,=0.1601
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(d) Relationship between ./ and » with
different M and N for J4,=0.2626

L}

300 400 600 800 1000 1200 1400
n

(e) Relationship between ./ and n with

different M and N for J5,=0.3424
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n

(f) Relationship between .J and n with
different M and N for .J6,=0.5265

Fig.4 216 sets of convergence curves about the relationship between J and n for different J,, M and N

(a.J1,=0.0190, b.J2,=0.0888, c.J3,=0.1601, d. J4, =0.2626, e. J5,=0.3424, {. J6, =0.5265)

4.2 Qualitative and quantitative results of sha-
ping capability of SPGD algorithm
We can find that every curve will converge to
performance index limitation J,,. Here we select
irritations n =5 000 as the stop condition of SPGD
algorithm, make Js, = J,,, and use J,,, to measure
shaping capability of SPGD algorithm. Shaping ca-
pability J,,, for different J,, M and N are shown in
Tab. 1, and corresponding 3 dimension figure are

shown in Fig. 5 (a). Although the local results

" T1,-0.0190
C.2,-0.0888

(a) 3d figure with data in Tab.1

change, the whole results show that shaping capabil-
ity increases as Zernike orders M decreases when M
=25 and decreases as M decreases when M <25 for
given J, and N, increases as actuator number of de-
formable mirror N decreases when N =91 and de-
creases as IV decreases when N<<91 for given J, and
M, and increases as distortion degree of initial wave-
front decreases or J, increases for given M and N,
where the two latter is more obvious than the former.

Besides, the results also show that shaping

(b) 3d fitting surface with expression (14)

Fig.5 Shaping capability J,,, for different J,, M and N
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capability is the best when M =42 and N =91. We
can achieve quantitative expression (14) of shaping
capability about different J,, M and N with the least
square method, and corresponding fitting surfaces for
6 frames of different initial distortion wave-front are

shown in figure Fig. 5 (b). Comparisons between

Fig.5(a) and Fig. 5(b) indicate that expression
(14) can reflect the change law of shaping capabili-
ty. We can obtain more accurate quantitative expres-

sion if we make segment solution or use more data to

fit.

Jim =—0. 42134274](2) + 0. 00000848 M> — 0. 00005865N* + 0. 00497931 J,M - 0. 00486331J,N +
0. 00000661 MN + 0. 63953653/, — 0.00457359M + 0. 01108444N + 0. 56106810 . (14)
Tab.1 Shaping capability J,,, for different J,, M and N
Jiim M\N 127 91 61 37 19 7

J1,, (M,N) 117 0.680 3 0.754 6 0.702 4 0.543 5 0.2453 0.268 6
88 0.702 7 0.780 1 0.761 1 0.641 0 0.266 5 0.268 8

63 0.743 5 0.802 9 0.8356 0.766 1 0.29717 0.269 4

42 0.965 7 0.989 4 0.963 0 0.903 2 0.531 4 0.270 8

25 0.984 5 0.984 5 0.984 5 0.984 5 0.806 9 0.285 4

12 0.929 3 0.929 3 0.929 3 0.929 3 0.929 3 0.323 4

J2,,,(M,N) 117 0.746 8 0.807 6 0.783 5 0.676 9 0.422 6 0.438 7
88 0.774 8 0.8250 0.8211 0.7559 0.447 3 0.439 1

63 0.8109 0.848 7 0.867 7 0.8387 0.479 7 0.439 7

42 0.979 7 0.99117 0.968 8 0.926 5 0.698 0 0.444 3

25 0.982 1 0.982 1 0.982 1 0.982 1 0.898 8 0.462 6

12 0.9395 0.9395 0.9395 0.9395 0.9395 0.508 1

J3 i (M,N) 117 0.787 9 0.824 8 0.787 7 0.706 9 0.521 8 0.509 5
88 0.804 7 0.843 0 0.810 00.755 0 0.5452 0.509 9

63 0.848 2 0.878 4 0.873 5 0.8119 0.596 3 0.5110

42 0.987 2 0.993 3 0.978 7 0.8927 0.746 9 0.513 1

25 0.987 1 0.987 1 0.987 1 0.987 1 0.944 4 0.5210

12 0.954 3 0.954 3 0.954 3 0.954 3 0.954 3 0.669 5

Ja,, (M,N) 117 0.8330 0.869 2 0.854 7 0.809 9 0.627 6 0.5120
88 0.849 1 0.878 3 0.881 6 0.852 8 0.646 3 0.512'1

63 0.865 3 0.888 3 0.899 7 0.889 3 0.681 8 0.512'1

42 0.987 9 0.993 4 0.979 5 0.9415 0.8270 0.514 8

25 0.987 3 0.987 3 0.987 3 0.987 3 0.959 5 0.520 8

12 0.959 7 0.959 7 0.959 7 0.959 7 0.959 7 0.569 8

J5,, (M,N) 117 0.906 1 0.9230 0.892 8 0.810 6 0.644 4 0.600 8
88 0.916 3 0.9351 0.9127 0.847 3 0.660 4 0.600 9

63 0.9330 0.948 9 0.950 5 0.886 6 0.689 5 0.601 1

42 0.992 6 0.994 7 0.990 4 0.962 1 0.783 6 0.602 9

25 0.986 7 0.986 7 0.986 7 0.986 7 0.940 8 0.620 9

12 0.948 0 0.948 0 0.948 0 0.948 0 0.948 0 0.709 0

Jo,, (M,N) 117 0.9522 0.962 8 0.942 4 0.8959 0.801 1 0.802 2
88 0.959 1 0.968 6 0.9550 0.912 1 0.816 3 0.802 6

63 0.972 8 0.978 8 0.972 9 0.943 3 0.839 4 0.802 7

42 0.993 9 0.994 6 0.993 1 0.975 6 0.901 8 0.804 3

25 0.987 7 0.987 7 0.987 7 0.987 7 0.964 1 0.8125

12 0.965 4 0.965 4 0.965 4 0.965 4 0.965 4 0.908 9
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4.3 Qualitative and quantitative results of sha-
ping effect of SPGD algorithm

We use RMS,,, to measure shaping effect of

SPGD algorithm. Shaping effect RMS

Jo, M and N are obtained from expression (15).

for different

lim

RMS

o= . 1
lim ]hm ( 5)

Wave-front/ 4
Wave-front/ 4

y —05

S YT —0.5

(a) Residual wave-front distribution with
RMSI,,,=0.01654 and.J1,,=0.9894

1.5 1.5
Z ~
E 05 Z 05
5 =
2 205
s E
—0.5 —0.5
I
0 >
y OS5 y —05

(d) Residual wave-front distribution with
RMS4,,,=0.0130 4 and J4,,=0.9934

(b) Residual wave-front distribution with
RMS2,,=0.01454 and J2,,=0.9917

(e) Residual wave-front distribution with

shaping capability, two results are the same and a-
chieved 6 frames of residual wave-front distribution
corresponding to 6 frames of different initial distor-
tion wave-front are shown in Fig. 6. Comparisons be-
tween Fig.3(a ~1) and Fig. 6(a ~{f) indicate SPGD
algorithm has good shaping effect.

0.5

—0.5

Wave-front/ 4

—0.5

—05 x y =05

ooy 703

X

(¢) Residual wave-front distribution with
RMS3,,=0.0130 4 and J3,,=0.9933

0
—05 x y —05

T—1=1

(f) Residual wave-front distribution with

lim

RMSS,,=0.0116 4 and J5,,=0.9947

RMS6,,=0.0117 & and J6,,=0.9946

Fig. 6 6 frames of residual wave-front distribution for M =42 and N =91
(a:J1,=0.0190, b:J2,=0.0888, c:J3,=0.1601, d.J4, =0.2626, e:J5, =0.3424, {.J6, =0.5265)

5 Discussion

We found that shaping capability and shaping effect
respectively are difficult to up to J;,, =1 or RMS,,, =
0. The reason is that deformable mirror don’t shape
residual high (117-M) order Zernike aberrations
corresponding J§""™ and RMS{""™ shown in Tab.
2, but low M order Zernike aberrations of initial dis-
tortion wave-front. Besides, we can find that SPGD
algorithm shapes low M order Zernike aberrations

wholly when M <25 and partly when M =25, which

depends on deformable mirror and parameters of

SPGD algorithm.

The change laws of convergence rate, shaping
capability and shaping effect about distortion degree
of initial wave-front, Zernike order and actuator
number of deformable mirror are similar, so expres-
sion (14) or (15) can analyze qualitatively the law
of convergence rate. Besides, we can select the best
deformable mirror for different initial distortion wave-
front in atmospheric turbulence form expression
(14) or (15). Considering the nature of real-time
and simplification of adaptive optics it better to se-
lect 37-unit deformable mirror to shape 3 ~27(25)

order Zernike aberrations at the conditions of some
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shaping effect.

Tab.2 J{""™ and RMS""™ of 6 frames of initial distortion

wave-front only including (117-M) order Zernike aberrations

M 117 88 63 42 25 12
J1, T 1.000 0 0.999 1 0.996 9 0.991 0 0.984 5 0.929 3
J2, 1.000 0 0.998 7 0.996 1 0.992 4 0.982 1 0.939 5
J3, 1.000 0 0.999 0 0.996 7 0.993 6 0.987 1 0.954 3
2 1.000 0 0.998 8 0.997 2 0.993 8 0.987 3 0.959 7
J5, 1.000 0 0.999 3 0.997 8 0.994 8 0.986 7 0.948 0
J6, " 1.000 0 0.999 5 0.995 8 0.994 6 0.987 7 0.965 4

RMS1, """ /A 0 0.004 8 0.008 8 0.015 1 0.019 9 0.043 1

RMS2, "7 /A 0 0.005 7 0.009 9 0.013 9 0.021 4 0.039 8

RMS3, "7 /A 0 0.005 0 0.009 2 0.0127 0.018 1 0.034 4

RMS4, "7 /) 0 0.005 4 0.008 4 0.012 6 0.018 0 0.0323

RMS5, "7 /A 0 0.004 3 0.007 5 0.011 5 0.018 4 0.036 8

RMS6, "7 /A 0 0.003 7 0.010 4 0.0117 0.017 7 0.029 9

6 Conclusion

In this paper we mainly make detailed simulations
for the laws of convergence rate, shaping capability
and shaping effect about distortion wave-front,
Zernike order and actuator number of deformable
mirror of wave-front shaping system with SPGD algo-
rithm for adaptive optics in atmospheric turbulence.
We use 6 kinds of deformable mirror as shaping de-
vices and select 6 frames of distortion wave-front in-
cluding 3 ~119(117) order Zernike aberrations with
Roddier method as shaping objects with SPGD algo-
rithm by selecting appropriate parameters to con-
struct simulation model. The qualitative simulation

results show that convergence rate increases with the

SE Ik

decrease of Zernike order M, actuator number of de-
formable mirror N, and distortion degree of initial
wave-front decreases. Shaping capability and sha-
ping effect have the same terdency, which increase
as Zernike orders M decreases when M =25 and de-
crease as M decreases when M <25, increase as ac-
tuator number of deformable mirror N decreases
when N=91 and decrease as N decreases when N<
91, and increase as distortion degree of initial wave-
front decreases. Shaping capability and shaping
effect are the best when M =42 and N =91. And it
can be found from discussion that it's better to select
37-unit deformable mirror to shape 3 ~27(25) order
Zernike aberrations at the conditions of some shaping
effect considering the nature of real-time and simpli-

fication of adaptive optics system.
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