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The mathematical model of a speckle suppression method based on two Barker code-type
diffractive optical elements moving in orthogonal directions is developed. The analytic
formulae for speckle suppression efficiency are obtained. The model indicates that the one
pair of DOE can be used for laser beams of different colors. It is proved that the output
numerical aperture of the objective lens equal toNA =1 /T provides the maximum speckle
suppression effect. The speckle contrast is not dependent on a distance of the viewer to the
screen until the distance decreases below the distance where the spatial resolution of the
eye on the screen is less than the length of the image of the DOE structure period on the
screen. The analysis of the simulated results demonstrates that the method can decrease the
speckle contrast to less than 5%, which is below human eye sensitivity, with an optical

efficiency greater than 90%.
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1. Introduction

The use of lasers in projectors and displays provides significant advantages; namely, it alows to
obtain high-color saturated images, high optical efficiency and small size. The high optica
efficiency and small size are especidly important for mobile devices. The engineering
advantages and peculiarities of laser projectors are summarized in [1]. However, speckle
phenomena arising from the coherence of laser light [2,3] severely degrades the image quality
and has inhibited the widespread application of lasers in image systems [1, 4]. The subjective
speckle (the speckle created in image systems) are granular light intensity modulation in the
image due to the interference effect when coherent light is used for illumination [2,3]. The
speckle contrast ( C ) is used to measure the depth of light intensity modulation caused by
speckles. It is defined as the ratio of the standard deviation to the mean of the speckle intensity

and is given by the following expression [2, 3]:
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where s, <1 >and <|?> are standard deviation, the mean vaue and the second moment of

light intensity on the screen. Often, it is more convenient to use the speckle suppression
coefficient k, instead of speckle contrast:

ke, =1/C. 2
Because subjective speckle arise directly in the image system and have a spatial correlation
length approximately equal to the spatial resolution of the optical system, it is not practically
possible to use specia filters for speckle suppression Therefore, speckle suppression methods
are mainly based on speckle pattern averaging. Speckle averaging can be accomplished by using

the wavelength, angle or polarization diversity of alaser beam [3]. All of these three factors are



independent and therefore, the speckle suppression coefficient can be represented as the product

of three coefficients [3]:

kg, = kL kEKP 3)
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where k'Sp is the coefficient of speckle contrast suppression due to wavelength diversity, kgp is

that due to angle diversity and ksﬁ’f' is that due to polarization diversity ( ks’;’)"' <+/2).

The efficiency of wavelength diversity method can be estimated by the formula[3]:

ki, ~ (phDl /2)*°/1 4
where | islaser wavelength, Cl isthe laser’s spectral bandwidth and h is the average surface-
profile height variation of the screen. Theoretical estimation has shown that for full speckle
suppression for a screen with a roughness height of approximately 50 nm, the spectral bandwidth
should be at least DI >50nm. The time coherence of the laser beam can be reduced by using
severd lasers [5-7] or by using a broadband laser [8]. For speckle averaging using severa lasers
with equal light intensity and with wavelength differences sufficient to create different speckle
patterns (the best case for speckle suppression), the speckle contrast can be decreased at most to
aleve of [2]

_CO
C_m’ (5)

where C is the fina speckle contrast, Cy is the speckle contrast in the case of using one laser

(~0.6), and N is the number of lasers. It is clear from Eq. (5) that over 100 lasers, with a total
spectral bandwidth approximately equal to 10%, are required to suppress speckle noise below the
senditivity of the human eye. However, using many lasers for illumination is usually unaccep-

table due to the complexity and significant increase of the size of the projector. The application



of a broadband laser for illumination results in low optical efficiency and small speckle
suppression due to the low efficiency and small spectral bandwidth of broadband lasers [9].

The most effective speckle suppression can be obtained by using angle diversity. The
angle diversity can be obtained in several ways. 1) by the vibration of a screen, 2) by vibrating
diffractive optical elements (DOE) inside the optical system, 3) by beam scanning along the
illumination surface, and 4) by de-correlation of the illumination beams incident from different
angles simultaneoudly.

The rapid movement or vibration of a screen [10] is not an optimal and acceptable
solution for almost all technical applications.

It is possible to achieve large speckle suppression by moving or vibrating a random
diffuser inside optical systems [11-13]. Full speckle suppression can be obtained by a rapidly
vibrating diffuser [13]. However, the use of arandom diffuser requires high-frequency and large-
amplitude of DOE vibration, and the method has high optical losses.

The original method of speckle suppression was proposed by Trisnadi [14, 15]. Trisnadi
proposed using a periodic DOE with a specially structure instead of a random diffuser. More
specifically, Trisnadi proposed the use of a DOE with phase modulation of the laser beam
wavefront based on the Hadamard matrix algorithm It was proved that method allows obtaining
high optical efficiency and high level of gpeckle suppression However, the method requires very
accurate, fast and complex DOE movement, which is very difficult to realize in technica
devices. A prior study [16] reports on a modification of the Trisnadi method in which the 2D
structure of the DOE is changed to a pair of 1D DOE structures that together realized the
Hadamard matrix modulation method. The improvement can be useful for speckle suppression

only in the case of being able to switch a DOE structure by voltage, for example, by using a



DOE based on liquid crystal meshes. However, for efficient speckle suppression the frequency
of switching of liquid crystal panel meshes should be greater than15000 Hz, whichis far above
the maximum switching frequency of modern liquid crystal elements (approximately 1000 Hz).

It is possible to obtain high speckle suppression by laser beam scanning along the screen
by a vibrating mirror in the Fourier plane of the objective lens. The value of the numerical
aperture of the objective lensis the parameter that determines the effect of speckle suppression in
this method [3, 17]. The method can be used in 1D laser projectors [18-20] and in laser pointer
projectors [21-22]. However, because a laser pointer projector cannot use a large mirror due to
the requirement of very rapid mirror vibration, the method is effective only for 1D scanning laser
projectors. A ssimple and effective (with small optical losses) method of homogeneous filling of
the aperture of the objective lens by laser illumination is proposed in [17, 23]. The Barker code-
type DOE is used to generate a wide spatial frequency band and to increase the beam width to a

diameter of the input numerical aperture of objective lens independent of the initial width of the
laser beam. In [24,25], a generalization of this method was proposed. However in the method,
only an aperture along the beam scanning direction can be used for speckle suppression
Significant optical system complication is required for the use of an aperture in the orthogonal
direction for speckle suppression [26]. A speckle contrast in the range of 14-18% was obtained
using this method [23].

In recent years, several novel methods of speckle suppression have been devel oped based
ona light pipe tube [27, 28]. The effect of speckle suppression (using the angle diversity of the
illumination system) in this method is obtained by vibration or rotation of the pipe tube. The
method requiresthe movement of alarge diameter (severa centimeters) and long (at least several

diameters) light pipe tube.



Severa groups have reported on the use of a multimode fiber to reduce speckle contrast
in laser projectors [29-32]. The theory behind this method was developed by Goodman [33]. The
length of fiber should be long enough to achieve de-correlation of practically all fiber modes. It
is possible to achieve a speckle contrast of 0.01 at the distant end of the fiber ends when the fiber
is several meters long [33]. The greatest advantage of this method is that it does not require
mechanical movement. However, the correlation length of incident laser beam on screen
increases by afactor equal to the magnification of the optical system [34]. Therefore, to preserve
the same speckle contrast on the screen as that at the distant fiber end, the method requires the
number of multimode fibers be goproximately equal to the square of the magnification of the
projector objective lens (approximately equal to the number of pixels on the screen > 300000).

Despite significant efforts to develop a simple method and a compact system for
decreasing speckle roise to an acceptable for the human eye level, this problem has not been
solved until now. Below, we describe the theory of an efficient and simple speckle suppression
method based on two moving Barker code DOEs, which decreases speckle contrast below human

eye sensitivity (with optical losses less than 10%).

2. Optical scheme

The optical scheme of a laser projector with a new speckle suppression mechanism is shown in
Fig. 1. In the speckle suppression part, a laser beam passes through two diffractive optical
elements situated close to each other (distance between them is significantly smaller than the
objective lens focal length). The DOE should be placed in the illumination part or in the object
plane or in the plane of the intermediate image plane of the optical system. Each DOE structure

isa 1D Barker code-type DOE, asshown in Fig. 2. The Barker code is a sequence of N numbers

of B taking values of 1 or -1, which produces the narrowest autocorrelation peaks [35]. The



Barker code-type DOE is a 1D periodic two level structure (see Fig. 2), where the difference in
height provides a phase shift on half of wavelength; as a result, the transmitted electromagnetic
field at the back surface of the DOE is modulated by a periodic Barker code sequence. The DOE
period on the screen (in the image plane) isequal to T, = NT , where T is the DOE pitch length,
N is the Barker-code length and D is the width of the main maximum of the point-spread
function of the human eye on a screen. One DOE structure is stretched along the x axis, and it
diffracts light along the X direction. Another DOE has its structure stretched along they axis, and
it diffractslight along Y direction. Each of these structures is moving in the image plane aong its
diffraction plane. The objective lens projects light onto a screen. The optical modulator modula
tes the intensity of the light to create an image on the screen. However, because we are only
interested in investigating the electric-field modulaion caused by speckle, it is assumed that the
screen is homogeneously illuminated.

The complete optical system (projector and viewer) has three numerical apertures The
first aperture is the input numerical aperture, NA =snq;,, of the objective lens of the projector.
The input numerical aperture serves as a low-pass filter of spatial frequency and therefore
distorts the image and decreases the optical efficiercy. The second is the output numerical
aperture, NA=dnq, of the objective lens which determines the maximum possible resolution of
the projected image on the screen. The third aperture is the input numerical aperture,

NA, =s€nq,, of the eye, which determines the resolution of the eye on the screen.

The optical system of the projector is assumed to have no aberrations. In spite of an
aberration free optical system, the phase modulation of the light on the screen will be disturbed
due to spatia frequency truncation by a numerical aperture of objective lens, NA;<1. The actual

pitch of the DOE has a width of .. A ratio k, = NA /(1 /T,) determines the accuracy of the



phase reproduction on the screen. Because T/T1=NA;/NA, we can rewrite the rdio as
k, =NA/l /T, and the last ratio determination will be used to characterize the optical system
limitation on the spatial frequency band. The ratio of the one period of the DOE structure at

image on screen T, = NT to the eye (photo camera) resolution on the screen (by Rayleigh),

D,=D/2=1 /2NA,, is another important parameter that determines the speckle suppression

efficiency and will be used below in the analysis of the method.

3. Mathematical model
First, we assumed that we have an ideal optical system (aberration free) with a large input
numerical aperture, k, = NA /I /T, >>1; therefore we can exactly reproduce the Barker code

wavefront phase modulation onto a screen (with a magnification). Below, we also assumed that
the Barker code length N and period of both DOEs (vertical and horizontal) are equal to each
other; however, the obtained results can be easily generalized for cases with different Barker
code lengths and periods.

When using one moving Barker code-type DOE, we will obtain approximately the same
effect asthat obtained in a 1D laser projector with a Barker code DOE [17, 24].We also assumed
that the aperture of the objective lens of a viewer (human eye or photo camera) is square (instead
of circular) to simplify the analyses of the 2D case. Changing the shape of the aperture from
circular to square should not significantly influence speckle suppression; however, it permits a
simple analytical expression for the speckle suppression efficiency. It is easy to generalize the
algorithm for a circular aperture by changing the point-spread function of the objective lens,
however, in this case a large amount of calculations are required to determine the speckle

parameters.



All the results are obtained in the Fresnel scalar approximation using the thin-lens model
for the objective lens. Because the output numerical aperture used in the projection system is
small (NA<<1), the Fresnel scalar approximation is accurate.

Theelectric-field distribution at the screen can be written as follows:

Eoe (X ¥) = Eo(x YH (x- VIDH (v~ Vit), ()
where Eo(x, y)is the eectric-field amplitude distribution at the screen for the optical scheme
without a DOE, H(x) is one DOE modulation function scaled due to the magnification of the
objective lens of the projector, and V,,V, are the DOE image scanning velocities on the screen.

In the Fresnel approximation [36, 23], the complex amplitude of the field on the retina of a

viewer can be written as follows

__D5
Ex,h,t)= X
k) | vab® @
¥ N N
x¢y (% y)H (x +Vit)H (y +Vit)exp(- ik(x? + y2)/ 2a)sn ci%gaix +x%sn ciéa({@h +yidxdy
oy | eb % | D eb

wherex and y and X and h are the coordinates at the screen and the retina, respectively, t isthe
time, Dt is one time resolution of the human eye, D is the crystalline lens diameter, | isthe
wavelength, k =2p /I isthe wavenumber, sn c(x)=sn(x)/x, and r(x,y) is the random screen
complex field amp litude reflection coefficient defined by the screen micro-roughness. Below, we
will ignore the phase factor exp(- ik(x2 +y2)/ 2a) in Eq. (7) because any photo-sensor (as well
as the human retina nerves) is sensitive only to the optical intensity.

It is assumed that the first DOE structure is shifted by one of its period during one
resolution time of the eye, Dt,( aong the x axis). The second DOE velocity, V,, is assumed to

be larger than V; by afactor of MN, where M is a nonzero integer number. Hence, the second



DOE is shifted by the length of MN periods of DOE structure during time interval of Dt Dt,(
along the y axis). The image recreated in the human eye can be calculated as the squared

modulus of the field amplitude (Eq. (7)) integrated over the time interval Dt,:

I(x) == B ek =
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wherel(x,y) is the human eye image related to the screen coordinates x = %x and G, = %;
a
1. . .
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The screen has arough surface with a roughness height considerably greater thanthe wavelength
of the light. Therefore, we can write {r(x, ;)r * (X, ¥,)) = Rd (x - x,)}d(y; - ), where the

brackets < > denote screen averaging and R is the mean intensity reflection coefficient. Then, the

expression for the mean value of the light intensity can be written as follows:
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(10)

The mean of the square of the light intensity can be written as follows:
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Using Eqg. (12), we can rewrite Eq. (11) as follows:

a 2fi= In, +1n,, (13)

where
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Substitution of EQ.(13, 14) into Eq. (1) yields the following formula for speckle contrast:

QOA (% X, ¥, V) Snczg 2P leSncz8 ylEISncZe 2p ESncze 2P yZdeldxzdyzdy2

C= (15)

czep in €2 (y JUA(x,x., y., Q
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Because the two DOESs are periodic structures, the autocorrelation function (9) can be

written asasum of N integrals as follows:

_ 1
Ad(Xl, X2’y11y2)_ Dton
by - (16)
c‘j—|(xNM +y - N*mx)H (XN*M +y, - N*mx)a H(x+k*T)H (x+k*T +x, - x)dx
0 k=0

It is easy to show that the sum in Eq. (16) does not depend on x and therefore can be written as

follows:
1 &
A%~ %)= A HXx+K*T)H' (x+k*T +x,- x)=Q BB, (17)
k=0 n=1

where A (x, - x,) is the discrete autocorrelation function of the periodic Barker code sequence
(autocorrelation function of the discrete Barker code sequence). Using Eqg. (17), we can rewrite

formula (16) as

NMvT

AX, %, Y1, Y,) = Ale-X) O (¢ N* M-y, - N*mx ) H™ (x* N*Mv+y, - N* mx JdN* Mvx=
N*Mv*TV: 19
NT
=20 6) iy - (u+y,Jdu=CA (- XAl - ¥,

N*TV 1

0

NT
where  A(x,- %)= ¢H(u+x)H (u+x,)du is the autocorrelation function of the periodic
0

Barker code function. By substituting Eq. (18) into Eq. (15), the formula for speckle contrast can

be rewritten as follows:

\/(@A)(Xz %)’ szeao leSnéeao xzhd&dxzcﬁﬁ(yz y1|8n8 ylHSncz yzgdmdyz
c= (19)

0 AO)GSNCER (x)sinc &2 (y, ik
AOAD N g (x)sine e (v iy

By changing the variable u, =x,, u, =%, - X, v, =V;, V, =Y, - V;, EQ. (16) can be rewritten

12



as follows;

2 ea) e2p
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and finaly, we obtain:

e LM AUl AV o
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where[23] Q(u) = Gsnc [2p (u+ x)]snc [mx]dx—W,
2\/ A)(O) ’ 2
“|ADV)]
C _2J e Q(v)dv (220)

In EQ. (21) afactor 1//2 is added to take into account depolarization properties of the screen.

4. Simulation results in the approximation of an ideal optical system
and an ideal Barker code-type DOE
The graph of the normalized autocorrelation functions A(x)/A(0) and A, (x)/ A,(0) (not scaled)

and function Q(x) are shown in Fig. 3. Both A(x) and Ab(x) autocorrelation functions have
periodic high and narrow (width of T) peaks that have triangle and rectangular shapes,
respectively. The normalized autocorrelation functions have peak values of 1, and outside the
peaks areas, these functions have an absolute value equal to or smaller than/N. For a large N,

the Q function is nearly constant inside the narrow peaks of the autocorrelation functiors, and it

13



is possible to smplify the formulae for speckle contrast. Formula for CX2 can be written as:

¥
dA MU Qu)du .
Cl2=4% » 48 Q(NT /D) ¢yx+s,=—g Q(NT/D)+s, (23
A0 a ( ).T,?S' D8 ( 4. (229
¥ |ADV)’ 4 ¥ 1
wheres, <4 ¢ |—Q vjdv < — Rl v)dv = —,
<40 o < Gvkv=
andfor C*:
ADv) g e aT %
c,’ =2(‘472Q(v)dv» 28 Q(iINT/D) (§1- xD/T)*dx+s, =— @ Q(INT/D)+s ,, (23h)
v |A(0)| i=-¥ -T/D 3Di:-¥
* A (Dv)’ 4 ¥ 1
wheres <4 ‘L vjdv< — (R(v)dv=—.
2 T/(g |A(o)|2 Q( ) N2-(¥Q( ) N2

For alarge N, it is possible to rgject terms s ,ands , in Eq. (23) (with aminor loss in accuracy in

the calculation of order i):
N 2

¥
C’» % a Q(iNT/D) (24)
C,’» % A Q(iNT/D) (25)

=¥
The half width of the Q function is approximately equal to 0.5 (see Fig.4 ). Therefore, when one

period of the DOE is larger than D/2=Dy, only one maximum of the correlation function isinside

acentral peak of the Q function, and with good accuracy, only one term with an index i=0 can be
|€ft in the sums (24, 25) for the calculation of C,*and C,*:

2
3N,

LLPYA
C’» EQ(o) = (26)
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(27)

where N, =D, /T isthe number of DOE pitches inside one eye resolution
Fig. 5 shows the simulation results of the speckle contrast calculated using three different
approximations. The analysis of the numerical results obtained by the exact formula (20) has

shown that for alarge Do (Do/NT>1), the speckle contrast is independent of Do and it is close to

C =1/(N J§) As Dy decreases to values below the DOE structure period on screen, the speckle

contrast rapidly increases and approaches the level of an optical system without a DOE

C=1/+/2 when the DOE pitch width T exceeds D. Because the resolution of the eye at the
screen is proportional to the distance to the screen, Fig. 5 aso exhibits a dependence of speckle
suppression on the distance to the screen (upper axis on Fig. 5) of viewer. The speckle contrast is
nearly independent on S until it decreases below the distance S at which Dg=NT. Because of the
rapid increase in the speckle level when the distance to the screen is lower than &, this area
should be avoided by viewers.

The comparison of the numerical results of the speckle contrast obtained by accurate
calculation (Eg. 21) and by narrow peak approximation (Eq. (23, 25)) indicate (see Fig. 5) that
the latter approximation is quite accurate, with an error of severa percent, which is an error level
that is sufficient for engineering applications. Therefore, the simplified Eq. (24, 25) can be
successfully used in engineering calculations. The simple approximation that takes into account
only one of the autocorrelation peaks (see Fig. 6), given by Eq. (26, 27), is correct only for small
D (D<Ty) when only one of the peaks of the autocorrelation function is inside the central Q(X)

maximum.
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5. Simulation of the optical system with an arbitrary numerical

aperture and a Barker code DOE without an exact phase shift

In an actual optical system, an objective lens has a finite numerical aperture, which
truncates high spatial frequencies and therefore cause image blurring. In addition, because the
same pair of DOEs s used for laser beams of different colorsin our optical scheme (see Fig. 1),
the phase shift of the wavefront of some of these beams after transmission through the DOE
would not be exactly equal to p (for red and blue beams, for example). However, al of the
numerical results described above were obtained under the assumption of an exact phase shift of
p by the DOE and of an ideal optical system. In this assumption, we demonstrated that the
autocorrelation function of the illuminated laser beam can be represented as a product of two
factors (Eg. 21). Independence of the sum in EQ. (16) on the variable X is a bass for the
representation of the speckle contrast as a product of two factors, C*C,. It is clear that the
independence of the autocorrelation function Ayon x will also be valid in the case of any phase
shift (any sequence of two complex numbers but not just in a sequence of 1 and -1) for the ideal
optical system; therefore, it will be valid for any color of beam (the proof will be published
elsewhere). It is not difficult to show that autocorrelation function A, of the optical systemwith a
finite numerical aperture NA;, due to the linearity and uniformity of the optical transfer function
will not depend on x (the proof will be published elsewhere). Therefore, the sum in Eq. (16)
would also not depend on x for the case of objective lens with finite numerical aperture and for
DOEs without an exact p phase shift. Therefore, it is still correct to use Eqg. (20- 22) for the
speckle contrast calculation. However, Ao(x) and A(x) in these formulae should be calculated by
taking into account the real phase shift and image blurring due to the truncation of high spatial

frequencies.
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Because speckle contrast is a product of two factors related to two different DOEs
moving in two orthogonal directions, we analyzed each factor separately. Sometimes it is more
convenient in the analysis of the method to use speckle suppression coefficients instead of

speckle contrast, which are determined as follows:
ko =1/ C; kg =1C,; k3 =1C,. (28)
Because nearly al projectors have large magnification, the distance from objective lens

of projector to the screen is significantly longer than a focal length and the object plane is close

to the focd plane. Therefore, the objective lens is represented in the mathematica model as a

low-pass filter of spatia frequency with a cutoff frequency of k -ZI—pNAl. The field on the

cutoff —

screen is calculated using a direct and inverse Fourier transform (with truncated high spatia

frequencies for image caculation) with image rescaling in accordance to the system
magnification. The autocorrelation functions Aqg(x) and A(X) are calculated using direct numerical
integration. All of the calculations below were performed for the optimal ratio of D to Tp equal to
D/To = 2 and for a depth of the DOE relief that provides a phase shift of the wavefront of p for a
wavelength | | =0.532mm. Because the diffraction angle has a linear dependence on | and the
effect of speckle suppression is based on diffraction phenomena, the optical system will truncate

different high spatial frequency ranges for laser beams with different wavelengths, and that

difference is taken into account in our mathematical mode.
Fig. 6 shows the dependence of the speckle suppression coefficient kg on the laser beam

wavelength for different output numerical apertures NA of the objective lens. For a small
numerical aperture, the objective lens truncates all spatial frequencies of the diffracted beam,

with the exception of asmall area near zero. Therefore the beam at screen has flat wavefront and

17



the speckle contrast is close to the speckle contrast of a screen homogeneoudly illuminated by a
plane wave (equal to 1) and does not change with the wavelength. For a large NA, eg.,
NA/(l &/T) = 3, the maximum speckle suppressionisat | = 0,532 nm, where the wavefront along
the y axis on screen corresponds to a periodic Barker code sequence and the amplitude of
electromagnetic field has a narrow autocorrelation function. Speckle suppression is significantly
smaller for red and blue beams where waterfront of beam has different from Barker code shape.
Fig. 7 shows the autocorrelation function of the field on the screen when using a Barker code-
type DOE of length N=13. Beams of different colors exhibit autocorrelation peaks of the same
width. However, the level of the autocorrelation function outside of the peaks increases when
wavelength shifts from the optimal value (the value which provides a wavefront shift of p). It
can be shown that for a large numerical aperture (NA/(l 4/T)>>1), the shift in the wavelength
from optimal valueof | =0,532nm does not change the width of the normalized autocorrelation

function A /A0) but increases the level of the plateau outside the peaks, which can be calculated

as follows;

2@ ar

A 1 A0)= A,/ N0)+[i- A,/ A0))sin g—ﬂ (29)

The decrease of the modulation depth of the autocorrelation function A(x) (increased
plateau level) with ashift of the wavelength from the optimal value resultsin a speckle

syppression coefficient decrease (see Fig. 6).

Fig. 8 shows the dependence of the speckle suppression coefficient kg on the numerical

aperture for red, green and blue laser beams. The same pair of DOESs that provide a shift in the

wavefront of p for a green beam are used for all the laser beams. The speckle suppression

coefficient kg, monotonously increases with an increase of the numerical aperture and has
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plateaus for the large numerical apertures NA/I /T>1) for al three beams. A vaue of the
numerical aperture greater than NA=I| /T is excessive for an optical system because nearly all
the light is diffracted inside that angle (see Fig. 9), and a further increase has no significant
influence on the speckle suppression A decrease in the numerical aperture of the objective lens
results in an increase in the width and a smoothing of the shape of the peaks of the
autocorrelation function (see Fig. 10). The increase in the width of peaks of the autocorrelation

function leads to a decrease in the speckle suppression.

The speckle suppression coefficient k7, exhibits a more complex dependence on the

numerical aperture of objective lens (see Fig.11). The speckle suppression coefficient kg

initialy rapidly increases and reaches the first high maximum at NA/A /T=1. Subsequently, the
value of the coefficient oscillates with decreasing amplitude, and all peaks are lower than first
peak. Fig. 12 shows the autocorrelation function of Ag(x) for numerical apertures corresponding
to the first and second maxima of the speckle suppression coefficientkl. The two
autocorrelation functions have the same peak widths and the same levels in the area outside of
the peaks. The autocorrelation function in second maximum is closer to the autocorrelation
function of the ideal optical system shown in Fig. 3 c. The autocorrelation function Ag(x) in the
first maximum of the speckle suppression coefficient has significantly higher peaks (higher depth
of modulation) that lead to an increase of the speckle suppression coefficient. The
autocorrelation function Ap(x) changes with the shift from the optimal wavelength in a manner
similar to the function A (x). With a shift of wavelength from the optimal value (green laser
wavelength with a phase shift of p), the width of the peaks is preserved and the level of the
plateau around the peaks increases (Fig. 13), thereby decreasing the speckle suppression

coefficient. From the numerical results presented in Fig. 11, it follows that there is an optimal
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numerical aperture for the speckle suppression coefficient. An increase or decrease in the

numerical aperture from the optimal value leads to a decrease in the speckle suppression

coefficient k7.

6. Conclusion

The method and mathematical model of the speckle suppression mechanism based on two Barker
code-type DOES enables a speckle-free image to be produced by laser projectors. The smple
formulae for the speckle contrast calculation were determined. Speckle suppression was
determined to be represented as a product of two factors, each of which depends on its own DOE
parameters. High speckle suppression can be obtained using the same pair of DOEs for laser
beams of different color. The optimal numerical aperture of the objective lens is equa to
NA=| /T, which provides the maximum speckle suppression.

The analysis demonstrated that the method permits to decrease the speckle contrast below
the human eye sensitivity with an optical efficiency larger than 90%. The speckle contrast in the
method is not dependent on the distance of the viewer to the screen until the distance decreases
below the distance where the resolution of the eye on the screen is less than the DOE structure
image on the screen.

A sguare aperture was used to simulate the eye in the mathematical model to smplify the
obtained formulae. The model can be easily generalized to the actual case of a circular aperture
for the eye. Additional analysisis required for accurate method optimization to take into account

the actual shape of the aperture (circular shape).
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Figure captions

Fig.1. Optical scheme of the laser projector with two Barker code-type DOEs.

Fig. 2. Cross-section of the Barkercode-type DOE and the corresponding Barker code

sequences.

Fig. 3. Barker code-type DOE of length 7 - (a) and the autocorrelation function A(x) - (b)

and A,(X) - (c) for different valuesof N (not scaled).

Fig. 4. Q(x).

Fig. 5. Dependence of the speckle contrast (simulation results) on the ratio of theeye’s
(photo camera) lateral resolution (on the distance of the eye to the screen — upper axis) to the
DOE period calculated with different formulae: solid line— exact formula. @) N=7and  b)

N =13; Sy isthe distance where Dg = NT.

Fig. 6. Dependence of the speckle suppression coefficient kJ and the optical efficiency on

the wavelength for different numerical apertures, NA;, of the objective lens of the projector.
Fig.7. Dependence of the autocorrelation function A(y) of the screen (along the y direction)

on the wavelength (ssimulation results): NA/(I /T )=5; N=13.

Fig.8. Dependence of the speckle suppression coefficient kg, on NA (N = 13) for blue, red

and green laser beams.

Fig. 9. Dependence of the optical efficiency of the speckle suppression method on the NA

(N=13).

Fig. 10. Dependence of the autocorrelation function A(y) on the NA: | =0.53mm; N = 13.
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Fig. 11. Dependence of the speckle suppression coefficient kg on the numerical aperture of

the objective lens for laser beam of different colors.
Fig. 12. Dependence of Ao on NAfor | =1 gr= 0.53 nm.

Fig. 13. Ag(x) for different NA: | p = 0.40 mm; N = 13.

26



optica
modulator

horizontal
Barker code
DOE

vertical
ker code DOE

b)

Fig.l.

27

_] human eye lateral

resolution element
a

rX




DOE cross-sectior ar lh=(n Dl 2

L

\ N 777 N 77777 77 U777 — 7777
X, / /
/| / /
/ Al /
s YA YA VA Y
3T 2T T T ..
Barker code k———<“—s<«><4 glass(redragtive m?ex n) 1
sequences To To 0

-1-1 1-T11711-1-11-1/2 12 1}/-1-242/-1/12121-1-11-4111 1-1-1

Fig. 2.

28




Phase moduratior g.“ft:\/lDt - TO sinc 2pX/D) Y

\ : \ 10

==

v 4
1.0 q _J
AG(X)/A(0) E
. A
: Q) kT
i 1,1/N| | I'4 N¢—5, 13 N’:4
,---Q: %]‘ 1 ; I I‘ L = 1 4 i'_____ X
[N N=3: 7: 11
©
Fig. 3.

29



0.30]
0,25 \
0.20 \

0.15] \
0.10] \
0.05] \

e

'H—-_.q%‘_‘_‘_

02 04 06 08 10 12
Fig. 4.

30




2.0 g
SC-
ood®
— Eq.(17)
] - - - Eq(21, 22)
0.084 —-=- EQq.(23.24) |-
0.06
0.04J R RS L L R T
0.024 S—
05 1.0 15 2.0 25 o/NT
@
1.0 20 g%
C A
0.20 “‘
- —Eq(17)
0161 \ - - - Eq(21.22)
1 ‘ —- Eq(23, 24
o] N\
I
\ A)
0.08 N —
<4 Q\.
<4 \-
0.04 S
0.5 10 15 20 25 Dy/NT
(b)
Fig. 5.

31



2.5

1.040 - 0.6
 — 3
1.0354 PN
./. \'\
10304 Trmem—= -
\Q
~

1025 | | | T | | |

0.40 0.45 0.50 0.55 060 | (m)

Fig. 6.

32




AXIT)/AQ)

1.0

0.8

0.6+

0.4+

—1 =0.40mm
—— 053

— 065

0.2

33




35

3.0

2.5

2.0

15

1.0

//,.,—-
///f
1
V4
/// E|:§,§§m
oo/ 05 10 15 2.0 25

34



P/Ps —

0.8 //

0.6 — 1 =0.4mm
| ——0.53
——0.65

1

0.2 ]

0.5 1.0 15 2.0 2.5 NAI /T

Fig. 9.

35



A(XT)A®0)

36



4.0

35

3.0

2.5

T

-l—l""-/

\
]

2.0

15

1.0/

37

——1 =0.4"m
—— 0525
/ 065
00 05 10 15 20 25 NAI/T
Fig. 11.




Ao(X)

NAA T=1

38



Ao(X) {

14

12

10 4

— NAN /T=1.0 (NA/I 4,/T=0.75)
—-- 20 (L5)

39




