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This paper describes a speckle suppression method using flexible diffractive optical elements (DOEs) based on bi-
nary random sequences with tracked motion. The DOE loops consist of 1D random-sequence diffractive structures
with similar but different inclination angles. A mathematical approach for determining the optimal inclination
angles and DOE speed for speckle suppression is developed, and a model for calculating the speckle suppres-

sion efficiency is constructed. Theoretical and experimental results show that the proposed method decreases the
speckle contrast to below the sensitivity of the human eye, making it suitable for compact laser projections. The
experimental results also indicate that current DOE production technology should be improved to avoid limiting

the image quality.

1. Introduction

Laser diodes emit high-quality, optically efficient beams [1] from
which high-color saturated images can be obtained [2]. Therefore, the
use of lasers is very promising in the design of compact and energy-
efficient projectors that produce high-quality color images [3-5]. How-
ever, laser images are strongly modulated by speckle, which signif-
icantly affects image quality [6]. The speckle contrast C is used to
determine the speckle noise level:

C=c/I 1

where s and T are the standard deviation of light intensity and the en-
semble average light intensity, respectively. A highly efficient speckle
suppression method is needed to decrease speckle noise to an accept-
able level such that high-quality images can be produced. As the initial
speckle level varies with the coherence of the laser, the final speckle
contrast does not fully characterize the efficiency of the speckle suppres-
sion method. Therefore, to estimate the speckle suppression efficiency,
a speckle suppression coefficient k is used:

k=Cy/C ()]

where C, and C denote the speckle contrast before and after the appli-
cation of the speckle suppression method. Despite numerous studies on
this topic, there is still no technical solution for speckle suppression that
is sufficiently good for a compact laser projector system.
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Speckle noise can be reduced by decreasing the temporal, spatial,
or polarization coherence of laser beams [6]. Polarization decoherence
can only decrease speckle noise by up to 30%, and can therefore only be
used as a supplementary method [7]. Usually, lasers with large optical
efficiency have a relatively small spectrum width (several nanometers)
[1], which is not sufficient to decrease the speckle to below the sensi-
tivity of the human eye [6]. It is possible to use temporal decoherence
to obtain the spatial decoherence of a laser beam. An illuminating laser
beam is divided into several beams with different optical paths by tem-
poral decoherence, and these beams are then focused on one spot on
the optical modulator plane to achieve angle diversity for speckle sup-
pression [8,9]. However, the temporal decoherence of the laser beam
makes it difficult to achieve sufficiently large decorrelated laser beams
for suppressing speckle noise below the sensitivity of the human eye in
a compact device.

Greater angle diversity, independent of laser beam coherence, can be
achieved by using an active diffuser [10] or diffractive optical elements
(DOESs) [11-20]. Active DOEs based on an electronically switching lig-
uid crystal panel are an attractive concept, but the switching frequency
speed is not large enough to be applied in laser projectors, although sev-
eral research groups have recently obtained encouraging results [19,20].
The active diffusers or DOEs can also be fulfilled by mechanical move-
ments, however, the speed of DOE movement must be sufficiently large
that the human eye cannot detect the speckle contrast. A method of
speckle suppression using DOEs on a plane vibrating substrate has been
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proposed [10]. And a regular DOE structure based on a pseudorandom
sequence has been proposed too for efficient speckle suppression [14-
17]. In this case, a linear shift of the DOEs or rotation of quasi-spiral
DOEs was proposed to achieve speckle suppression below the sensitiv-
ity of the human eye. However, practical realization in mobile projectors
would require a large amplitude and vibration/shift/rotation speed to
decrease the speckle contrast by a sufficient amount.

To date, the abovementioned methods have not demonstrated suf-
ficient speckle suppression for use in compact devices such as pico-
projectors. In a previous publication, we proposed a DOE loop based
on pseudorandom sequences placed on a flexible film [18]. A DOE loop
with tracked motion constructs a dynamic 2D DOE structure in real time
by overlapping a double-sided moving 1D DOE, and its energy and vol-
ume requirements are very small. However, we did not achieve speckle
suppression below the sensitivity of the human eye because of the subop-
timal DOE parameters. The speckle suppression effect was significantly
smaller than the expected value.

To fully develop and demonstrate an efficient technological solu-
tion for speckle suppression, which is suitable for the miniaturization of
laser projectors, this paper reports a proposed theory for determining
the optimal structure parameters of the DOE loop. The theory is further
developed on the basis of our previous theoretical approach [15,16].
According to the proposed theory, speckle suppression effects are simu-
lated with different DOE parameters, and the results are discussed in de-
tail. An optical scheme for a compact laser projector is then constructed
for speckle suppression experiments using RGB lasers. The experimental
results indicate high speckle suppression efficiency, even when the DOE
loops have suboptimal parameters. The further optimal parameters of
the DOE loop, especially regarding the inclination angles and heights
of the DOE components, are obtained on the basis of our theoretical
and experimental results. The theoretical and experimental results in
the present study demonstrate the possibility of obtaining very compact,
highly energy efficient, and speckle-free laser pico-projectors.

2. Experimental setup

The specially designed flexible DOE loop is shown in Fig. 1. The
flexible DOE loop consists of several parts, each of which is a binary
1D DOE structure based on a pseudorandom sequence with a different
inclination angle ¢, close to z/4:

@, =r/4+(p—po)Ae 3

where p and p, are integers, Ag stands for the difference between in-
clination angles of two adjacent DOE parts and Agp < z/4 . In the present
paper, we use a flexible DOE loop consisted of three parts of DOE struc-
ture with p, =2 and p = 1, 2, 3. The DOE structure is a periodic 1D grat-
ing that is based on a binary pseudorandom sequence with code length
M =15. The DOE has an elementary cell of width T and a period length
of Ty = MT. The land and groove within DOE structure correspond to 1
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and O in the binary sequence, respectively. The height of the structure
is defined to give a half-wavelength shift in wavefronts passing through
laser beams. The flexible DOE strip is rolled up in a loop; therefore,
DOE structures on different sides of the loop have opposite inclination
directions. The DOE loop is placed over two rotating poles, the rotation
of which results in opposite directions of movement in DOE parts sit-
uated on different sides of the loop. This movement and the different
inclination of different parts of the DOE results in field decorrelation of
different diffraction orders. In a previous study [18], we did not deter-
mine the rigorous conditions for the optimal DOE inclination angle and
DOE moving speed for decorrelation diffraction orders.

Fig. 2 illustrates the optical scheme of the proposed laser projector
used in our experiments. In the Fig. 2, L, is the distance from DOE loop
to objective lens, L, is the distance from objective lens to screen, Lj is
the distance from screen to camera lens, and L, is the distance from cam-
era lens to photodiode array. And D, is the aperture of objective lens,
D, is the aperture of camera lens. This is a simplified optical scheme for
measuring speckle suppression efficiency, as it has no light beam ho-
mogenizer. The speckle suppression efficiency of our proposed method
was measured without heterogeneity in the illuminated screen (detailed
description is given in Section 5). To compare the image quality without
and with speckle suppression, we used a transparent picture instead of
an optical modulator in the experiments.

3. Theory of speckle suppression effect

Fig. 3 shows the generative process of dynamic 2D diffractive coding
by means of a flexible DOE loop with tracked motion. The field of the
heterogeneous laser beam that passes through the back side of the DOE
loop can be presented as a set of fields of diffraction orders:

AT bexp(iZ (0 -1 cos (2/4 + 8y)) ).

E
Zrty anexo (i35 (ot 1V cos (/4 + 202)) ) @
g A I B esp (R 0=V cos (/4 + ) ).
= =N « . 2.
S o, exn (P k¥ cos (/44 802))

where asterisks denote the complex conjugation, b, and a,, are the am-
plitudes (relative to the amplitude of the incident beam) of the diffrac-
tion orders of 1D DOE structures on the front and back sides of the flex-
ible DOE loop, respectively. A is the amplitude of the incident beam,
n and m are the numbers of diffraction orders in different diffraction
planes on the front and back sides of the DOE loop, respectively, and
N denotes the number of diffraction orders that pass through the objec-
tive lens and are used in the speckle suppression mechanism. t denotes
the integrated time and V is the speed of the tracked motion of the DOE
loop. x and y denote the coordinates of Cartesian system, v and u are the
coordinates of a point on the surface of the DOE loop in a nonorthog-
onal coordinate system, where the v and u axes are orthogonal to the

Fig. 1. Diagram of a flexible DOE loop consisting of three 1D DOEs
with different inclination angles ¢,. Each part of the DOE loop is
based on a binary pseudorandom sequence with code length M=15.
(a) structure of DOE loop; (b) flexible DOE loop on two rotation spin-
dles; (c) structure of one DOE period.
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Fig. 2. Optical scheme used in experimental setup for speckle suppression efficiency measurement of the proposed method.
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Fig. 3. Flexible DOE loop with tracked motion and nonorthogonal coordinate system (v, u). v and u are directed orthogonal to the edges of the 1D DOE structure on
opposite sides of the DOE loop. x and y denote the coordinates of Cartesian system, V is the speed of the tracked motion of DOE loop along x axis.

edges of the front and back of the 1D DOE structure, respectively. The
coordinates v and u can be calculated from the coordinates x and y using
the following formula:

X COS @, — ysin @,

sin (@) + @,)
X Cos @ + ysin g,

sin ((pl + (pz)

x =vsing; +using,; v=

(&)

Yy =—-vCOS@| +Ucos@y; u=

Using Eq. (4), the field intensity of a laser beam integrated over all
light intensities for time At can be written as follows:

_ 2 nmny,m=N - @ _
I(v,u) = |A| Zn,m,nl,m,=—1\/ bnambnlam]exp<l 7, (n ”1))

2
exp<zTL0“(m—ml)>

At

/ exp| i
t=0
exp(

where the summation is limited to the number of diffraction orders that
passed through the objective lens and are used in the speckle suppres-
sion mechanism, and the integral is taken over the intensity integration
time.

Considering the decorrelation of diffraction orders, the light inten-
sity measured during the intensity integration time is just the sum of
the intensities of the diffraction orders. Thus, all cross-diffraction-order
terms in Eq. (6) should be equal to zero. As the integration in Eq. (6) con-
tains exponential functions describing the decorrelation of fields of two
diffraction orders, the phase shift of the exponent in the cross terms from

27r(n - "1)

1V cos (z/4 + A(pl))
Ty

.27r(m—m1)

i 1V cos (7 /4 + A(pz))dt ©)
Ty
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the initial to final point is then a nonzero integer multiple of 2x. This
condition can be written as follows:

Zn(n—nl) Zﬂ(m—ml)

AtV 4+ A )+
T cos (x/ ?1) T

AtV cos (z/4 + Ag,) =2zl

(O]

where [ is a nonzero integer if n#n; or m#m;. By using the notation of
AtV =S, where S is the DOE shift during the intensity integration time,
we can rewrite Eq. (7) as follows:

(n—=ny)Scos (n/4+ Ap,) + (m—m;)S cos (z/4+ Ag,) = IT, ®

Using the expression

cos (7/4+ Ag,) = cos r/4cos Ap| —sinz/4sinAg; » \/5/2(1 —sinAg))
(©)]
Eq. (8) can be rewritten as

S'[(n=ny)(1=sinAp,) + (m—m)(1 —sinAgp,)| =IT, (10)

where S’ = ‘/TES is approximately equal to the DOE shift in the v and
u directions. The linearization of Eq. (10) should be valid with [# 0 for
all decorrelated diffraction orders. We assume that S’ = NyT;, sin Ap, =
i/ Ny, sinAp, = j/N,, where Ny is the number of DOE periods shifted
in the x direction during the whole integration time and i, j are integers
denoting the DOE periods shifted in the y direction for DOE parts with
inclination angles ¢;, @5, respectively. Eq. (10) can then be transformed
into the Diophantine equation

No(n—nl+m—m1)—(n—n1)i—(m—ml)j=l 11

This Diophantine equation has a solution for any set of m, m;, n, n;
with a suitable choice of I. However, if we wish to decorrelate the field
of diffraction orders in the range -N to N, we must identify the condition
whereby all solutions of the Diophantine equation for that range do not
have a solution with [=0. As a solution of a Diophantine equation is
critically sensitive to the value of all coefficients, we must determine all
the structure parameters of the DOE parts. In the following, we assume
that the DOE has three parts with different inclination angles of ¢, =
/4 — Ag, ¢, = /4, 3 = /4 + Ag. In this case, we seek the condition
for which the solution of Eq. (11) has no solution with [=0 for sets of i
and j including (1) i=1,j=0; (2) i=0,j=1;(3)i=0,j=-1; 4 i=-1,
j=0;(5)i=1,j=-1;(6) i=-1, j=1 for diffraction orders ranging from
—N to N. Sets with the same value of i and j are not considered because
it is assumed that the light spot never illuminates DOEs with the same
inclination angle on both sides of the DOE loop (this case has no solution
for the decorrelation of all diffraction orders and should be avoided). In
addition, the DOE structure is designed in such a way that only the DOE
areas close to the rotation spindle, which are outside of the light spot,
can have the same DOE structure on opposite sides of the DOE loop.
According to the assumptions above, we can determine the diffraction
order decorrelation conditions for all possible sets of DOE parts.

Substituting the six sets of i and j values and [=0 into Eq. (11), we
obtain:

. . m—m Ny -1
I:L.I:O’l:()’ n n :_T
- M 0
. . m-—m NO (12)
i=0,j=1,1=0, =—
n—n; Ny—1
. . m—my Ny
i=0,j=-1,1=0, =—
n—n; Ny+1 a13)
. . m—m No+1
i=-1,j=0,1=0, —— =————
n—ng Ny
. . m—m Ny—1
i=1,j=-1,1=0, =—
n—ny No+1 (14)
. . m—m No+1
i=-1,j=1,1=0, —— = ————
n—n Ny—1

For Eq. (12), as (N, — 1) and N, have no common divisors, there will
be no integer solution for n, n;, m, m; in the range —N to N if the ab-
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solute values of the denominator and numerator on the left-hand side
do not exceed the denominator and numerator on the right-hand side,
respectively. This condition can be written as follows:

Ny >2N +1 (15)

Similarly, Eq. (13) has no integer solution for n, n;, m, m; in the
range —N to N if the absolute value of the difference in the numerator
and denominator on the left-hand side of Eq. (13) does not exceed the
numerator and denominator on the right-hand side, respectively. This
condition can be written as follows:

Ny > 2N (16)

Eq. (14) has no integer solution for n, n;, m, m; in the range —N
to N if (Ny — 1) > 2N and N is an even number. This condition can be
written as

No > 2(N + 1), and N is an even number a7

During the rotation of the DOE loop, we can obtain all possible com-
binations of dynamic DOE codes on opposite sides of the DOE loop, as
described above. Therefore, N, should satisfy all of the conditions ob-
tained above, as described by Eq. (17).

It is reasonable to assume that N is equal to the length M of the
pseudorandom binary code, as the main part of the energy of diffracted
beams on the DOE:s is distributed between the first -M to M diffraction
orders. As we have used a DOE structure based on a sequence of length
M =15, we can calculate the required DOE inclination angles A¢ of dif-
ferent parts of the DOE loop and minimize the DOE shift S required for
the maximum speckle suppression effect.

Ny=2(N+1)=2x(15+1)=32

Ag =sin"'(1/N,) =sin™'(1/32) = 1.79° (18)
S = \/%S, = V2N, T, = 2V2(N + DT, = 2.7mm

In the experiments, we used DOEs with a smaller difference in incli-
nation angle of Ag = 1°, which approximately corresponds to N, = 58.
For this case, the DOE shift during one camera shot should be at least
S = V2N, T, = 4.92 mm.

4. Simulations of speckle suppression effect

In Section 3, we determined the optimal parameters, including the
DOE shift and inclination angles of DOE parts, for obtaining the best
speckle suppression effect. However, for practical purposes, it is very
important to know the sensitivity of the speckle suppression effect with
respect to deviations from the optimal parameter values. To this end,
we assume that the projector has an ideal objective lens that gives a
magnified on-screen field distribution that is the same as the field just
after the DOEs. Therefore, we can write the complex amplitude of the
on-screen field as:

E|(v,u,t) = EqR(v—tV cos (n/4+ Ag;))R(u+1V cos (n/4 + Ag,))
19

where R(x) takes values of 1 and exp(ikh(nj., — 1)) for the land and
grooves of the DOE structure, respectively. k = 2z /4 is the wave num-
ber, h is the DOE structure height, and n;,4,, is the refractive index of the
DOE material. The on-screen autocorrelation function for a DOE shift of
length S can be calculated as:

A (v,u, v+ Av,u+ Au, S) = /OS |E0|2R(U — scos (77.'/4 + A(pl))
R*(v+ Av—scos (/4 + Ag ) )R(u+ scos (1/4+ Agp,))
R*(M+Au+scos (7[/4+A(p2))ds (20)
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Fig. 4. Dependence of speckle suppression coefficient on DOE speed during intensity integration time for M-sequence-based DOE loop with a code length of M=15.
As DOE speed is related with DOE shift, the horizontal axis accordingly denote by N, = S/ (\/ETO). Curves 1, 2, 3 show 2D dynamic coding based on 1D DOE parts
with difference inclination angles. curve 1: between ¢, = 45° + A and ¢, = 45°; curve 2: between ¢, = 45° — Ap and ¢, = 45°; curve 3: between ¢, = 45° — Ap and

@, =45° + Ag.

Following Ref. [15], we obtain the speckle contrast as:

1st and 2nd 1D DOE parts and curve 3 stands for the case of overlapping

/ Ofdvdu /4

C=

s’ |A(v,u, v + Av,u + Au, S)|?sinc? [i—”x(u, u)] sinc? i—”y(v, u)].

sinc? [;—”(x(u, u) + Ax(Av, Au))] sinc? [i—”(y(u, W) + Ay(Av, Au))] dAvdAu

2D

2
00 0
</ J 1A(x, y; x, y)|zsincz[%”x(u, u)]sin02 i—”y(v, u)]dvdu)
0 0 e e

where R, denotes the spatial resolution (of the eye or photo camera) on
the optical modulator plane. Eq. (21) is used to calculate the speckle
suppression coefficient of our proposed method. We assume that the
DOEs are fabricated on polypropylene film with a refractive index of
Hingex = 1.49. Fig. 4 shows the dependence of the speckle suppression
coefficient on the DOE shift S during the intensity integration time for
DOE:s with various differences in inclination angle Ag. As the DOE mov-
ing speed V is related to the DOE shift S (S = tV), Fig. 4 actually shows
the dependence of the speckle suppression coefficient on the DOE speed.
In the developed flexible DOE loop, laser beam passes through a 2D dy-
namic coding based on two different 1D DOE parts in different time due
to DOE shift. In Fig. 4, curves 1, 2, 3 indicate the speckle suppression
coefficient for the case when laser beam passes through the 2D dynamic
coding by overlapping of the two different 1D DOE parts. The curve 1
stands for the case when the overlapping occurs between 2nd and 3rd
1D DOE parts, the curve 2 stands for the case of overlapping between

between 1st and 3rd 1D DOE parts (see Eq. (3) and Fig. 1). For Agp =
1° and Ap = 1.79° (see Fig. 4(a) and (b)), the speckle suppression ef-
ficiency increases with DOE speed and reaches a maximum at the ex-
act DOE shift suggested by the above estimation (with a suitable value
of Ny). For further increase of DOE speed from optimal value, the dif-
ference between initial and final phase of the field of different diffrac-
tion order will be changed and the exact decorrelation between diffrac-
tion orders will be lost. Therefore, the speckle suppression efficiency
decreases slightly. With a continuous increase in DOE speed, the next
full decorrelation (it is possible even for more diffraction orders) and
the next efficiency maximum can be obtained. However, the variation
of speckle suppression efficiency between two maximums is small since
only partial correlation between diffraction orders can be obtained with
the increase of DOE speed. And the value of the possible partial corre-
lation decreases with the increase of DOE speed. Therefore, the speckle
contrast is almost constant after reaching the optimal DOE shift.
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Fig. 5. Dependence of the speckle suppression coefficient on laser wavelengths
for M-sequence-based DOE loop with a code length of M=15. Ap =1°, S =
4.92mm, @, = 46°, @, = 45°

For a larger inclination angle difference of Ap = 3.26° (see Fig. 4(c)),
the maximum speckle suppression is obtained at a slightly different DOE
speed for different DOE parts, although it can still be accurately evalu-
ated using Eq. (18). Note that the maximum speckle suppression can be
reached with the smallest DOE speed in this case. Increasing Ag to 5.04°
(see Fig. 4(d)) results in a change in the dependence of the speckle sup-
pression coefficient on the DOE shift for curve 3. In this case, a rather
long DOE shift is needed to attain the maximum speckle suppression
effect. Note that a shift of at least 2\/5N0T0 is required to achieve the
maximum speckle suppression effect.

The numerical simulations have also shown that the speckle sup-
pression efficiency is not sensitive to small changes of DOE speed and
DOE inclination angles, when DOE speed and DOE inclination angle are
closed to the optimized value. The large tolerance with optimized pa-
rameters is significant for the fabrication of DOE loop.

Fig. 5 shows the speckle suppression efficiency with respect to the
laser wavelength for Ap = 1° and for different DOE structure heights
of 530 nm, 470 nm, and 400 nm for the optimal DOE speed V (speed is
measured by DOE shift). The simulation gives approximately the same

Table 1

Optics and Lasers in Engineering 124 (2020) 105845

speckle suppression efficiency k = 17.75 + 0.5 across the visible range
425nm < A < 650 nm for a DOE structure height of 530 nm. However,
for the two smaller DOE structure heights, the speckle suppression effi-
ciency exhibits a significant drop at longer wavelengths.

5. Experimental results and discussion

The optical scheme for speckle suppression using the proposed
method is shown in Fig. 2. In the experiments, we used three DOE loops,
each having the same structure except for the structure height, which
was 530 nm in DOE loop 1, 470 nm in DOE loop 2, and 400 nm in DOE
loop 3. The DOEs were arranged on transparent polypropylene film with
a refractive index of 1.49. Each DOE loop has three DOE parts with in-
clination angles of 44°, 45°, and 46° (hence A@ = 1°). The DOE structure
was based on a pseudorandom sequence with a code length of M=15.
The DOE loops measured 75 mm long and 40 mm wide, and were made
from DOE strips including the three DOE parts by gluing opposite ends
using hot air heating. The DOE loops were placed on two spindles of
diameter 4 mm. One spindle was connected to a motor controlling the
DOE shift, and the other spindle was connected to a spring to pull the
film containing the DOE structures. RGB laser diodes were used in ex-
periments: blue laser 1=450nm, green laser 4=530nm, and red laser
4=638nm. The projective lens had a diameter of 50 mm and a focal
length of 100 mm. The input camera aperture was 1 mm and the focal
length of the camera objective was 25 mm. The distances from the DOE
to the objective (L;), from the objective to the screen (L,), and from
the screen to the camera (L3) were 110 mm, 1200 mm, and 1310 mm,
respectively. The distance from the camera aperture to the photodi-
ode array matrix was L, =26 mm, and the photodiode had a transverse
size of 5.8 um. DOE loops were produced on both thick (50 ym) and
thin (25 ym) polypropylene films. Measurements were made for three
speeds of DOE shift: 29 mm/s, 23.4mm/s, and 16.7 mm/s. An image
shot time of 0.2s was used in the experiments. According to the sim-
ulations, a DOE shift of around 5.04 mm should ensure the maximum
speckle suppression effect. The DOE shifts during camera shots were
chosen as 5.8 mm, 4.7 mm, and 3.34 mm for the three DOE speeds of
29 mm/s, 23.4mm/s, and 16.7 mm/s, respectively. The first speed pro-
duces a larger DOE shift than required, the second one gives a slightly
smaller shift than required, and the third one gives a DOE shift that is
34% smaller than required. The experimental results are presented in
Table 1.

From the data in Table 1, it is clear that DOE loop 1 (DL;) and DOE
loop 2 (DL,) provide speckle suppression that is below the sensitivity

Speckle suppression effect for different films, different DOE structure heights, and different
DOE speeds, where F, denotes the film thickness, DL denotes the number of DOE loops.

Fy, DL Vv A=450 nm A=530 nm A=638 nm
Co C k Cy C k Cy C k
50 umDL;, 'V, 0.25 0.02 129 027 0.022 12.5 0.55 0.03 18.6
V, 0.25 0.02 126 027 0.022 124 055 0.033 16.7
V3 025 0.02 12.5 0.27  0.022 12.2 0.55  0.041 133
DL, V,; 0.25  0.021 12.1 0.29  0.024 11.7 056  0.038 14.6
v, 0.25  0.021 120 029 0.023 123 0.56  0.039 143
V3 0.25  0.021 124 029 0.028 10.3 056  0.043 13.0
DL; V, 0.25 0.023 106 029 0024 117 051 0.07 7.3
V, 0.25  0.022 11.2 0.29  0.025 116  0.51 0.075 6.9
Vs 025 0.02 124 029 0.027 104 0.51 0.076 6.7
25 ymDL, 'V, 024  0.022 11.2 0.29  0.021 139 054 0.032 17.2
V, 024  0.021 11.8 029 0.021 134 054 0.035 15.8
Vs 024  0.023 10.7 029 0.022 129 054 0.033 16.5
DL, V, 0.26  0.021 12.3 0.29  0.022 133 0.55 0.036 15.2
V, 0.26  0.02 129 029 0.021 134 055 0.035 15.6
V3 0.26  0.022 11.7 029 0.022 13.0 055 0.037 14.7
DL, V, 024  0.023 109 029 0.026 11.0 054 0068 8.0
V, 0.24  0.021 11.8 029 0.026 111 054 0.068 8.1
Vs 024  0.022 113 0.29  0.026 111 0.54  0.071 7.7
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Fig. 6. Color images obtained without (a) and with (b) speckle suppression and grayscale images obtained without (¢) and with (d) speckle suppression.

of the human eye over the entire visible range for all three DOE shift
speeds. DOE loop 1 has a structure height of 530 nm, which provides a
wavefront shift of half the wavelength in the middle of the waveband
used in the experiments. Therefore, this is the optimal height for speckle
suppression for the three RGB lasers, which is confirmed by the simu-
lation results given above. In spite of the large shift in structure height
from the optimal value of 60 nm, DOE loop 2 has approximately the
same speckle suppression efficiency as DOE loop 1. This illustrates the
advantage of our method for large-bandwidth, efficient speckle suppres-
sion, as the two sides of the two 1D DOE:s are used for speckle suppres-
sion [17]. Even DOE loop 3, which has the optimal height for a laser
with 4=416 nm (beyond the operating wavelength range of RGB lasers
in our experiments), exhibits good suppression efficiency for the red
laser, k ~ 7.3 (we obtained k ~ 8.7 in the simulations, see Fig. 5).

The significant smaller speckle suppression effect was achieved in
experiment than in simulation for green and blue lasers (see Fig. 5). We
suppose the reasons are as follows. The images obtained in experiments
had small diffraction fringes due to refraction from dichroic mirror with
nonoptimal parameters. It causes additional variation of intensity on
screen that make practically impossible to measure speckle contrast be-
low 0.02. In addition, it results in the saturation of measured speckle
suppression due to small initial speckle contrast of green and blue im-
ages. In order to verify our assumption, we made a further experiment
by using the best three DOE loops with speed of 29 mm/s and removing
the dichroic mirrors from optical scheme. The new laser diodes were
used in the further experiment with initial speckle contrast Cy in the
range of 0.45-0.48 for red laser, 0.32-0.33 for green laser and 0.40-
0.42 for blue laser. In this case, we obtained speckle suppression coef-
ficient k as follows: 21.3 (red laser), 15.3 (green laser) and 20.9 (blue
laser) for DOE loop 1; 19.9 (red laser), 14.9 (green laser) and 20.6 (blue
laser) for DOE loop 2; 9.8 (red laser), 17.2 (green laser) and 21.1 (blue
laser) for DOE loop 3. The results from further experiment show a good
agreement with the simulation results. Because of the problem with DOE
quality, we obtained different speckle contrast for different DOE sample.
Therefore, the fabricating technology is still needed to be improved for
making perfect DOE surface as well as the optical scheme with optimal
components for speckle suppression.

To demonstrate the image quality before and after speckle suppres-
sion, we used color pictures on transparent film placed at the optical
modulator plane to obtain color images on a screen. The image on the
screen was taken by a grayscale camera and a color camera situated at
the same place and having the same aperture size as in the experiments.
The obtained pictures are shown in Fig. 6. One can observe that the
speckle noise is practically invisible after speckle suppression, although
the picture details are almost impossible to see before speckle suppres-
sion because of the speckles in both the color and grayscale images. Note
that true color reproduction decreases from the center to the periphery
of the picture. This is because the speed at which the light intensity de-
creases varies in different color beams, as there is no beam homogenizer
in the optical scheme (see Fig. 2).

The above analysis indicates that a DOE shift of at least 2\/5N Ty =
2.55mm during the intensity integration time is required. Projectors re-
quire at least 25 color pictures per second, with every color received at
separate time intervals. Thus, a total of 75 pictures with different col-
ors per second are needed. Therefore, the speed of the DOE shift should
be at least 75 x 2.55mm/s=191.25mm/s. To achieve smaller projec-
tors and use smaller DOE speeds, a high numerical aperture lens must
be used as the objective. For example, if an objective with a numerical
aperture of 0.5 is used, one can decrease the DOE primitive cell size by a
factor of three, from 4 ym to 1.3 ym, with a proportional decrease in the
DOE speed to 63.75mm/s. This DOE velocity is sufficiently low to be
realized using our proposed method, but it is practically impossible for
other methods with moving diffusers or DOEs, such as DOE vibration,
to reach such speeds.

6. Conclusion

To analyze and optimize the performance of our method based on a
tracked moving DOE loop for speckle suppression, the underlying the-
ory of the speckle suppression effect has been developed. This allowed
us to design the optimal structure parameters of DOE loops. Analyti-
cal expressions for the optimal inclination angles of DOE parts and the
optimal DOE speed to achieve the maximum speckle suppression ef-
fect were derived. Simulations and experimental results show that the
proposed method allows one DOE loop to be used to suppress speckles
across the entire range of visible light. Speckle contrast below 3% was
obtained for red, green, and blue lasers, and color pictures without vis-
ible speckle were produced. The speed of the DOE shift and the size of
the device needed for efficient speckle suppression are acceptable for
application to portable laser projectors. The mathematical model and
numerical simulations have shown that the optimal difference in incli-
nation angles of different DOE parts should be at least twice that used
in the present experiments to decrease the required DOE speed by a fac-
tor of two. The experimental results show that the technology used for
DOE production is still not good enough to decrease variations in the in-
tensity of the illumination beam to below 2%. The moving mechanism
of DOE loop is also needed to be further improved because DOE struc-
tures were contacted with spindles in the present system. The friction
will accelerate the degradation of DOE loop. In addition, a high-quality
compact beam homogenizer is required pico-projector setups using the
proposed speckle suppression mechanism.
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