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a b s t r a c t
This paper describes a speckle suppression method using ﬂexible diﬀractive optical elements (DOEs) based on binary 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 suppression 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 energyeﬃcient projectors that produce high-quality color images [3–5]. However, laser images are strongly modulated by speckle, which significantly aﬀects image quality [6]. The speckle contrast C is used to
determine the speckle noise level:
𝐶 = 𝜎∕𝐼̄

(1)

where 𝜎 and 𝐼̄ are the standard deviation of light intensity and the ensemble average light intensity, respectively. A highly eﬃcient speckle
suppression method is needed to decrease speckle noise to an acceptable 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 suppression method. Therefore, to estimate the speckle suppression eﬃciency,
a speckle suppression coeﬃcient k is used:
𝑘 = 𝐶0 ∕𝐶

(2)

where C0 and C denote the speckle contrast before and after the application 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.
∗

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 sensitivity 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 temporal decoherence, and these beams are then focused on one spot on
the optical modulator plane to achieve angle diversity for speckle suppression [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
(DOEs) [11–20]. Active DOEs based on an electronically switching liquid crystal panel are an attractive concept, but the switching frequency
speed is not large enough to be applied in laser projectors, although several research groups have recently obtained encouraging results [19,20].
The active diﬀusers or DOEs can also be fulﬁlled by mechanical movements, 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 sensitivity 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 sufﬁcient speckle suppression for use in compact devices such as picoprojectors. 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 volume requirements are very small. However, we did not achieve speckle
suppression below the sensitivity of the human eye because of the suboptimal DOE parameters. The speckle suppression eﬀect was signiﬁcantly
smaller than the expected value.
To fully develop and demonstrate an eﬃcient technological solution 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 simulated with diﬀerent DOE parameters, and the results are discussed in detail. 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 𝜑p close to 𝜋/4:
(
)
𝜑𝑝 = 𝜋∕4 + 𝑝 − 𝑝0 Δ𝜑
(3)
where p and p0 are integers, Δ𝜑 stands for the diﬀerence between inclination angles of two adjacent DOE parts and Δ𝜑 ≪ 𝜋/4 . In the present
paper, we use a ﬂexible DOE loop consisted of three parts of DOE structure with 𝑝0 = 2 and 𝑝 = 1, 2, 3. The DOE structure is a periodic 1D grating 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 T0 = MT. The land and groove within DOE structure correspond to 1
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and 0 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 situated 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 determine 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, L1 is the distance from DOE loop
to objective lens, L2 is the distance from objective lens to screen, L3 is
the distance from screen to camera lens, and L4 is the distance from camera lens to photodiode array. And D1 is the aperture of objective lens,
D2 is the aperture of camera lens. This is a simpliﬁed optical scheme for
measuring speckle suppression eﬃciency, as it has no light beam homogenizer. 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:
(
(
)))
∑ 𝑁
2𝜋𝑛 (
.
𝐴 𝑛𝑛=
=−𝑁 𝑏𝑛 𝑒𝑥𝑝 𝑖 𝑇0 𝑣 − 𝑡𝑉 cos 𝜋∕4 + Δ𝜑1
(
𝐸=∑
(
)))
𝑚=𝑁
2𝜋𝑚 (
𝑚=−𝑁 𝑎𝑚 𝑒𝑥𝑝 𝑖 𝑇0 𝑢 + 𝑡𝑉 cos 𝜋∕4 + Δ𝜑2
(
(4)
(
)))
∑𝑛 =𝑁
2𝜋𝑛 (
.
𝐴∗ 𝑛1 =−𝑁 𝑏∗𝑛 𝑒𝑥𝑝 𝑖 𝑇 1 𝑣 − 𝑡𝑉 cos 𝜋∕4 + Δ𝜑1
1
1
0
∗
(
)
𝐸 = ∑𝑚 =𝑁
(
))
2𝜋𝑚 (
1
𝑎∗ 𝑒𝑥𝑝 𝑖 𝑇 1 𝑢 + 𝑡𝑉 cos 𝜋∕4 + Δ𝜑2
𝑚 =−𝑁 𝑚
1

1

0

where asterisks denote the complex conjugation, bn and am are the amplitudes (relative to the amplitude of the incident beam) of the diﬀraction orders of 1D DOE structures on the front and back sides of the ﬂexible 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 objective 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 nonorthogonal 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 𝜑p . 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 spindles; (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.

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 𝜑2 − 𝑦 sin 𝜑2
(
)
sin 𝜑1 + 𝜑2
𝑥 cos 𝜑1 + 𝑦 sin 𝜑1
𝑦 = −𝑣 cos 𝜑1 + 𝑢 cos 𝜑2 ; 𝑢 =
(
)
sin 𝜑1 + 𝜑2

(
)
)
2𝜋𝑣 (
𝑏𝑛 𝑎𝑚 𝑏∗𝑛 𝑎∗𝑚 𝑒𝑥𝑝 𝑖
𝑛 − 𝑛1
𝑛,𝑚,𝑛1 ,𝑚1 =−𝑁
1
1
𝑇0
)
(
(
)
2𝜋𝑢
𝑚 − 𝑚1
𝑒𝑥𝑝 𝑖
𝑇0

(

(
)
2𝜋 𝑛 − 𝑛1
(

𝑇0

2𝜋 𝑚 − 𝑚1
𝑇0

)

)
(
)
𝑡𝑉 cos 𝜋∕4 + Δ𝜑1

)
(
)
𝑡𝑉 cos 𝜋∕4 + Δ𝜑2 𝑑𝑡

(6)

(5)

Using Eq. (4), the ﬁeld intensity of a laser beam integrated over all
light intensities for time Δt can be written as follows:
∑𝑛,𝑚,𝑛1 ,𝑚1 =𝑁

∫𝑡=0

(
𝑒𝑥𝑝 𝑖

𝑒𝑥𝑝 𝑖

𝑥 = 𝑣 sin 𝜑1 + 𝑢 sin 𝜑2 ; 𝑣 =

𝐼 (𝑣, 𝑢) = |𝐴|2

Δ𝑡

where the summation is limited to the number of diﬀraction orders that
passed through the objective lens and are used in the speckle suppression mechanism, and the integral is taken over the intensity integration
time.
Considering the decorrelation of diﬀraction orders, the light intensity 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) contains exponential functions describing the decorrelation of ﬁelds of two
diﬀraction orders, the phase shift of the exponent in the cross terms from
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the initial to ﬁnal point is then a nonzero integer multiple of 2𝜋. This
condition can be written as follows:
(
(
)
)
2𝜋 𝑛 − 𝑛1
(
) 2𝜋 𝑚 − 𝑚1
(
)
Δ𝑡𝑉 cos 𝜋∕4 + Δ𝜑1 +
Δ𝑡𝑉 cos 𝜋∕4 + Δ𝜑2 = 2𝜋𝑙
𝑇0
𝑇0
(7)

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:

where l is a nonzero integer if n ≠ n1 or m ≠ m1 . By using the notation of
Δ𝑡𝑉 = 𝑆, where S is the DOE shift during the intensity integration time,
we can rewrite Eq. (7) as follows:
(
)
(
) (
)
(
)
𝑛 − 𝑛1 𝑆 cos 𝜋∕4 + Δ𝜑1 + 𝑚 − 𝑚1 𝑆 cos 𝜋∕4 + Δ𝜑2 = 𝑙𝑇0
(8)

Similarly, Eq. (13) has no integer solution for n, n1 , m, m1 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:

Using the expression
√
(
)
(
)
cos 𝜋∕4 + Δ𝜑1 = cos 𝜋∕4 cos Δ𝜑1 − sin 𝜋∕4 sin Δ𝜑1 ≈ 2∕2 1 − sin Δ𝜑1
(9)
Eq. (8) can be rewritten as
[(
)(
) (
)(
)]
𝑆 𝑛 − 𝑛1 1 − sin Δ𝜑1 + 𝑚 − 𝑚1 1 − sin Δ𝜑2 = 𝑙𝑇0
′

(10)

√
2
𝑆
2

where 𝑆 ′ =
is approximately equal to the DOE shift in the v and
u directions. The linearization of Eq. (10) should be valid with l ≠ 0 for
all decorrelated diﬀraction orders. We assume that 𝑆 ′ = 𝑁0 𝑇0 , sin Δ𝜑1 =
𝑖∕𝑁0 , sin Δ𝜑2 = 𝑗∕𝑁0 , where N0 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 𝜑1 , 𝜑2 , respectively. Eq. (10) can then be transformed
into the Diophantine equation
(
) (
) (
)
𝑁0 𝑛 − 𝑛1 + 𝑚 − 𝑚1 − 𝑛 − 𝑛1 𝑖 − 𝑚 − 𝑚1 𝑗 = 𝑙
(11)
This Diophantine equation has a solution for any set of m, m1 , n, n1
with a suitable choice of l. 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 l = 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 𝜑1 =
𝜋∕4 − Δ𝜑, 𝜑2 = 𝜋∕4, 𝜑3 = 𝜋∕4 + Δ𝜑. In this case, we seek the condition
for which the solution of Eq. (11) has no solution with l = 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 l = 0 into Eq. (11), we
obtain:
𝑁 −1
𝑚 − 𝑚1
𝑖 = 1, 𝑗 = 0, 𝑙 = 0,
=− 0
𝑛 − 𝑛1
𝑁0
(12)
𝑁0
𝑚 − 𝑚1
𝑖 = 0, 𝑗 = 1, 𝑙 = 0,
=−
𝑛 − 𝑛1
𝑁0 − 1
𝑁0
𝑚 − 𝑚1
𝑖 = 0, 𝑗 = −1, 𝑙 = 0,
=−
𝑛 − 𝑛1
𝑁0 + 1
(13)
𝑁 +1
𝑚 − 𝑚1
𝑖 = −1, 𝑗 = 0, 𝑙 = 0,
=− 0
𝑛 − 𝑛1
𝑁0
𝑁0 − 1
𝑚 − 𝑚1
𝑖 = 1, 𝑗 = −1, 𝑙 = 0,
=−
𝑛 − 𝑛1
𝑁0 + 1
(14)
𝑁0 + 1
𝑚 − 𝑚1
𝑖 = −1, 𝑗 = 1, 𝑙 = 0,
=−
𝑛 − 𝑛1
𝑁0 − 1
For Eq. (12), as (𝑁0 − 1) and N0 have no common divisors, there will
be no integer solution for n, n1 , m, m1 in the range −N to N if the ab-

𝑁0 > 2𝑁 + 1

𝑁0 > 2𝑁

(15)

(16)

Eq. (14) has no integer solution for n, n1 , m, m1 in the range −N
to N if (𝑁0 − 1) > 2𝑁 and N0 is an even number. This condition can be
written as
𝑁0 ≥ 2(𝑁 + 1), and 𝑁0 is an even number

(17)

During the rotation of the DOE loop, we can obtain all possible combinations of dynamic DOE codes on opposite sides of the DOE loop, as
described above. Therefore, N0 should satisfy all of the conditions obtained 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 DOEs 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 Δ𝜑 of different parts of the DOE loop and minimize the DOE shift S required for
the maximum speckle suppression eﬀect.
𝑁0 = 2(𝑁 + 1) = 2 × (15 + 1) = 32
(
)
Δ𝜑 = sin−1 1∕𝑁0 = sin−1 (1∕32) = 1.79◦
√
√
𝑆 = √2 𝑆 ′ = 2𝑁0 𝑇0 = 2 2(𝑁 + 1)𝑇0 = 2.7𝑚𝑚

(18)

2

In the experiments, we used DOEs with a smaller diﬀerence in inclination angle of Δ𝜑 = 1◦ , which approximately corresponds to 𝑁0 = 58.
For this
√ case, the DOE shift during one camera shot should be at least
𝑆 = 2𝑁0 𝑇0 = 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:
(
(
)) (
(
))
𝐸1 (𝑣, 𝑢, 𝑡) = 𝐸0 𝑅 𝑣 − 𝑡𝑉 cos 𝜋∕4 + Δ𝜑1 𝑅 𝑢 + 𝑡𝑉 cos 𝜋∕4 + Δ𝜑2
(19)
where R(x) takes values of 1 and exp(𝑖𝑘ℎ(𝑛index − 1)) for the land and
grooves of the DOE structure, respectively. 𝑘 = 2𝜋∕𝜆 is the wave number, h is the DOE structure height, and nindex is the refractive index of the
DOE material. The on-screen autocorrelation function for a DOE shift of
length S can be calculated as:
(
))
2 (
𝐴1 (𝑣, 𝑢, 𝑣 + Δ𝑣, 𝑢 + Δ𝑢, 𝑆 ) = ∫0𝑆 ||𝐸0 || 𝑅 𝑣 − 𝑠 cos 𝜋∕4 + Δ𝜑1
(
(
)) (
(
))
𝑅∗ 𝑣 + Δ𝑣 − 𝑠 cos 𝜋∕4 + Δ𝜑1 𝑅 𝑢 + 𝑠 cos 𝜋∕4 + Δ𝜑2
(
(
))
𝑅∗ 𝑢 + Δ𝑢 + 𝑠 cos 𝜋∕4 + Δ𝜑2 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 𝑁0 = 𝑆∕( 2𝑇0 ). Curves 1, 2, 3 show 2D dynamic coding based on 1D DOE parts
with diﬀerence inclination angles. curve 1: between 𝜑1 = 45◦ + Δ𝜑 and 𝜑2 = 45◦ ; curve 2: between 𝜑1 = 45◦ − Δ𝜑 and 𝜑2 = 45◦ ; curve 3: between 𝜑1 = 45◦ − Δ𝜑 and
𝜑2 = 45◦ + Δ𝜑.

Following Ref. [15], we obtain the speckle contrast as:
1st and 2nd 1D DOE parts and curve 3 stands for the case of overlapping
√
[
]
[
]
√
2𝜋
2𝜋
√ ∞
𝑆′
|𝐴(𝑣, 𝑢, 𝑣 + Δ𝑣, 𝑢 + Δ𝑢, 𝑆 )|2 sinc2 𝑅
𝑥(𝑣, 𝑢) sinc2 𝑅
𝑦(𝑣, 𝑢) .
√
𝑒
√ ∫ ∫ 𝑑 𝑣𝑑 𝑢 ∫ ∫
[
]
[ 𝑒
]
√
2 2𝜋 (𝑥(𝑣, 𝑢) + Δ𝑥(Δ𝑣, Δ𝑢)) sinc2 2𝜋 (𝑦(𝑣, 𝑢) + Δ𝑦(Δ𝑣, Δ𝑢)) 𝑑 Δ𝑣𝑑 Δ𝑢
√ 0
0 sinc
√
𝑅𝑒
𝑅𝑒
𝐶=√
(21)
(∞ ∞
)2
√
[
]
[
]
√
2𝜋
2𝜋
𝑥(𝑣, 𝑢) sinc2 𝑅
𝑦(𝑣, 𝑢) 𝑑 𝑣𝑑 𝑢
∫ ∫ |𝐴(𝑥, 𝑦; 𝑥, 𝑦)|2 sinc2 𝑅
0 0

𝑒

where Re 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
𝑛index = 1.49. Fig. 4 shows the dependence of the speckle suppression
coeﬃcient on the DOE shift S during the intensity integration time for
DOEs with various diﬀerences in inclination angle Δ𝜑. As the DOE moving 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 dynamic 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

𝑒

between 1st and 3rd 1D DOE parts (see Eq. (3) and Fig. 1). For Δ𝜑 =
1◦ and Δ𝜑 = 1.79◦ (see Fig. 4(a) and (b)), the speckle suppression efﬁciency increases with DOE speed and reaches a maximum at the exact DOE shift suggested by the above estimation (with a suitable value
of N0 ). For further increase of DOE speed from optimal value, the difference between initial and ﬁnal phase of the ﬁeld of diﬀerent diﬀraction order will be changed and the exact decorrelation between diﬀraction 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 correlation decreases with the increase of DOE speed. Therefore, the speckle
contrast is almost constant after reaching the optimal DOE shift.
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speckle suppression eﬃciency 𝑘 = 17.75 ± 0.5 across the visible range
425 nm < 𝜆 < 650 nm for a DOE structure height of 530 nm. However,
for the two smaller DOE structure heights, the speckle suppression eﬃciency 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 inclination angles of 44∘ , 45∘ , and 46∘ (hence Δ𝜑 = 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 experiments: blue laser 𝜆 = 450 nm, green laser 𝜆 = 530 nm, and red laser
𝜆 = 638 nm. 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 (L1 ), from the objective to the screen (L2 ), 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 photodiode array matrix was L4 = 26 mm, and the photodiode had a transverse
size of 5.8 𝜇m. DOE loops were produced on both thick (50 𝜇m) and
thin (25 𝜇m) polypropylene ﬁlms. Measurements were made for three
speeds of DOE shift: 29 mm/s, 23.4 mm/s, and 16.7 mm/s. An image
shot time of 0.2 s was used in the experiments. According to the simulations, 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, 23.4 mm/s, and 16.7 mm/s, respectively. The ﬁrst speed produces 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 (DL1 ) and DOE
loop 2 (DL2 ) provide speckle suppression that is below the sensitivity

Fig. 5. Dependence of the speckle suppression coeﬃcient on laser wavelengths
for M-sequence-based DOE loop with a code length of M = 15. Δ𝜑 = 1◦ , 𝑆 =
4.92mm, 𝜑1 = 46◦ , 𝜑2 = 45◦

For a larger inclination angle diﬀerence of Δ𝜑 = 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 evaluated using Eq. (18). Note that the maximum speckle suppression can be
reached with the smallest DOE speed in this case. Increasing Δ𝜑 to 5.04∘
(see Fig. 4(d)) results in a change in the dependence of the speckle suppression 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 2𝑁0 𝑇0 is required to achieve the
maximum speckle suppression eﬀect.
The numerical simulations have also shown that the speckle suppression 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 parameters is signiﬁcant for the fabrication of DOE loop.
Fig. 5 shows the speckle suppression eﬃciency with respect to the
laser wavelength for Δ𝜑 = 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
Speckle suppression eﬀect for diﬀerent ﬁlms, diﬀerent DOE structure heights, and diﬀerent
DOE speeds, where Fth denotes the ﬁlm thickness, DL denotes the number of DOE loops.
Fth

DL

50 𝜇m DL1

DL2

DL3

25 𝜇m DL1

DL2

DL3

V

V1
V2
V3
V1
V2
V3
V1
V2
V3
V1
V2
V3
V1
V2
V3
V1
V2
V3

𝜆 = 450 nm

𝜆 = 530 nm

𝜆 = 638 nm

C0

C

k

C0

C

k

C0

C

k

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.24
0.24
0.24
0.26
0.26
0.26
0.24
0.24
0.24

0.02
0.02
0.02
0.021
0.021
0.021
0.023
0.022
0.02
0.022
0.021
0.023
0.021
0.02
0.022
0.023
0.021
0.022

12.9
12.6
12.5
12.1
12.0
12.4
10.6
11.2
12.4
11.2
11.8
10.7
12.3
12.9
11.7
10.9
11.8
11.3

0.27
0.27
0.27
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29

0.022
0.022
0.022
0.024
0.023
0.028
0.024
0.025
0.027
0.021
0.021
0.022
0.022
0.021
0.022
0.026
0.026
0.026

12.5
12.4
12.2
11.7
12.3
10.3
11.7
11.6
10.4
13.9
13.4
12.9
13.3
13.4
13.0
11.0
11.1
11.1

0.55
0.55
0.55
0.56
0.56
0.56
0.51
0.51
0.51
0.54
0.54
0.54
0.55
0.55
0.55
0.54
0.54
0.54

0.03
0.033
0.041
0.038
0.039
0.043
0.07
0.075
0.076
0.032
0.035
0.033
0.036
0.035
0.037
0.068
0.068
0.071

18.6
16.7
13.3
14.6
14.3
13.0
7.3
6.9
6.7
17.2
15.8
16.5
15.2
15.6
14.7
8.0
8.1
7.7
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Fig. 6. Color images obtained without (a) and with (b) speckle suppression and grayscale images obtained without (c) 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 simulation 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 suppression, as the two sides of the two 1D DOEs are used for speckle suppression [17]. Even DOE loop 3, which has the optimal height for a laser
with 𝜆 = 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 below 0.02. In addition, it results in the saturation of measured speckle
suppression due to small initial speckle contrast of green and blue images. 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 C0 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 coefﬁcient 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 suppression, 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 suppression 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 decreases 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 2𝑁 𝑇0 =
2.55mm during the intensity integration time is required. Projectors require at least 25 color pictures per second, with every color received at
separate time intervals. Thus, a total of 75 pictures with diﬀerent colors per second are needed. Therefore, the speed of the DOE shift should
be at least 75 × 2.55 mm/s = 191.25 mm/s. To achieve smaller projectors 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 𝜇m to 1.3 𝜇m, with a proportional decrease in the
DOE speed to 63.75 mm/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 theory of the speckle suppression eﬀect has been developed. This allowed
us to design the optimal structure parameters of DOE loops. Analytical expressions for the optimal inclination angles of DOE parts and the
optimal DOE speed to achieve the maximum speckle suppression effect 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 visible 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 inclination angles of diﬀerent DOE parts should be at least twice that used
in the present experiments to decrease the required DOE speed by a factor of two. The experimental results show that the technology used for
DOE production is still not good enough to decrease variations in the intensity of the illumination beam to below 2%. The moving mechanism
of DOE loop is also needed to be further improved because DOE structures 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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