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Single 3D laser projector with speckle suppression
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In this letter, a new single three-dimensional (3D) laser projector is proposed. As liquid crystal (LC) can
produce two image patterns with orthogonal polarization states at 120 Hz, only one projector is required
in this approach for reconstruction of a 3D object. The light source is made up of RGB (red, green, and
blue) lasers because laser has lots of advantages such as longer life, higher brightness, and larger color
gamut. A novel diffusive media with good polarization-maintaining quality is used as rear projection
screen for its high transmission efficiency (∼90%) and low reflection efficiency. When laser incidents into
the diffusive media, which contains lots of spherical particles with sizes between 2 and 15 µm, laser is
scattered randomly and the laser speckle is reduced. A spatial phase mask is also inserted into the optical
path to reduce speckle. With these techniques, the speckle contrast is reduced to 0.1 and the quality of
image patterns has been greatly improved.
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Nowadays, three-dimensional (3D) display technology
has been used widely in aerospace, military, medical, de-
sign, and entertainment due to its possibility of providing
comprehensive information of object in the 3D sense of
depth[1,2]. Most of the 3D display products based on
binocular disparity in the market are polarization-based
style and shutter-based style. In cinemas, polarization-
based style 3D display equipment with two projectors
are used very popularly but there are many disadvan-
tages. For example, two projectors are expensive, it’s
very cockamamie to synchronize the two electrical signals
and overlap the two optical paths, and the silver screen
with good polarization-maintaining quality is very ex-
pensive. So it’s not appropriate for home use. To meet
this challenge, shutter glasses have been used to replace
polarization glasses. With a receptor in the glasses, the
liquid crystal (LC) shutter glasses can alternately accept
the corresponding images in different eyes. But there
also have some disadvantages: the glasses before two
eyes alternately switch on/off state and it make eyes
feel tired soon[3], and the shutter glasses are much more
expensive and bulky than polarization glasses. To avoid
all these unfavorable factors mentioned above, we use
high-speed (120 Hz) LC polarization rotator before pro-
jection system to change images’ polarization states, and
the stereo images can be seen from general polarization
glasses.

Besides, Xe lamps are used as light sources of projec-
tors very popularly, whose lives are no more than 1 000
hours. Relatively, laser diodes (LD) can be used for more
than 100000 hours, and it has lots of advantages such as
high brightness, large color gamut, and good polariza-
tion. However, the speckle limits the display application
of the laser. Speckle are random spots with grainy struc-
tures arise in space when rough surface is illuminated
with laser. The formation of speckle is due to coherent
superimposition of all the wavelets emanating from the
“random” rough surface[4], and it is regarded as noise

that always reduces the images’ quality. Several tech-
niques have been proposed to remove speckle noise, such
as a rotating diffuser[5,6], moving diffuser[7,8], moving
screen[9,10] and some other approaches[11,12]. The use of
rotating diffuser is well known as one speckle reduction
method. A rotating diffuser produces variable random
phase patterns sequentially at the diffusion point, so the
objective speckle is averaged out on a screen. Although
this method is effective in reducing objective speckle,
it barely decreases subjective speckle that generates on
the screen[13]. The reason for the remaining subjective
speckle is that the speed of the phase modulation by
using a rotating diffuser is not enough to eliminate the
phase difference of surface height fluctuation. And me-
chanical principle has a major disadvantage that large
area is needed[14]. Thus another speckle suppression
method with small space and high efficiency is needed.

Based on LC polarization rotation characteristics, a
novel single 3D laser projector is proposed, and laser is
used as light source. By the use of rear projection screen
and a vibrant diffuser, laser speckle limited to 0.1 can be
achieved. Therefore, the movie-going experience can be
hugely improved by using the proposed system.

As shown in Fig. 1, the 3D projection system is con-
sisted of three parts: light source, projection system, and
3D control system.

The light source is comprised of three kinds of lasers.
The red LD array is made up of four LDs (ML520G71,
Mitsubishi, Japan) with wavelength of 632 nm which
have an output of 300 mW each. The blue LD array
is made up of two LDs (NDB7112E, Nichia, Japan)
with wavelength of 450 nm which have an output
of 500 mw each. Green laser is the combination of
LD pumped Nd:YAG laser with wavelength of 1 064
nm and periodically poled lithium niobate (PPLN)
for quasi-phase-matched second harmonic generation.
It has an output of 1 000 mW with wavelength of
532 nm. Different mirrors reflect laser to the same
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Fig. 1. Schematic diagram of 3D projection system. DMD:
micro mirror derice.

Fig. 2. Voltage timing diagram of LC polarization rotator.

direction of propagation, and laser is focused onto color
wheel after passing through a large lens. The diffusion
sheet makes the beam uniformity and then laser is il-
luminated onto digital micro-mirror device DMD chip
with specified size (11.2×8.4 (mm)) after going through
the collimation system. The DMD chip with digital light
procession DLP-Link shutter display is made by TI cor-
poration, whose resolution supports SVGA (800×600)
and the size is 0.55 inch.

The DMD chip generates parallax images correspond-
ing to left and right eyes with 120 Hz, and twisted ne-
matic (TN) LC is used to change different polarization
states of the parallax images. If threshold voltage V0

is applied on LC, there is no phase changed; and if no
voltage is applied, the polarization state will be changed
at π/2. As shown in Fig. 2, when left eye image is
projected, V0 is applied on LC and polarization state
is not changed; when right eye image is projected, no
voltage is applied and thus the image’s polarization state
is changed with π/2. When the images are projected on
screen with good polarization-maintaining quality, 3D
images can be seen by people with polarization glasses.

The LC should be modulated with wide spectrum
(from 380 to 700 nm). A tungsten halogen lamp (SPL-
HL, Hangzhou SPI Photonics Co., Ltd, China) whose
spectrum is from 360 to 2 500 nm is used to test the spec-
tral characteristics of LC polarization rotator (shown in
Fig. 3(a)). The light is turned into linearly polarization
after passing through a polarizer, after going through
LC and polarization analyzer which is vertical to the
polarizer, the spectrum is measured by spectrometer
(USB2000+UV-VISOcean Optics, USA). Particularly,
we measure the transmission with three wavelengths
(632, 532, and 450 nm) as shown in Fig. 3(b). In the
chart we find that they have the close threshold voltage.

Silver screens are used widely for its good polarization-
maintaining quality and high reflection efficiency. But
they are very expensive and can’t be used in rear pro-
jection. In order to overcome these disadvantages, a new

acrylic screen with good polarization-maintaining qual-
ity is adopted. The measurement setup of polarization-
maintaining characteristics is similar to the setup shown
in Fig. 3(a) but the diffusive screen replaced LC between
the polarizers.

Firstly, the laser transmission was test when light go
through the two polarizer with different angles and it’s
drawn with square symbol in Fig. 4; then the screen
was inserted between the polarizers and the polariza-
tion angle was changed, the result is drawn with round
symbol in Fig. 4. It fits very well with Malus’ law.
From this figure, it can be seen that this screen has very
good polarization-maintaining characteristics. The other
feature of the screen is that it can reduce laser speckle
for its body scattering. As shown in Fig. 5(a), there
are lots of random grains whose sizes is between 2 and
15 µm in the screen. The relationship between laser
speckle and reflective screen has been studied in many
aspects[15−17], but the speckle theory in body scattering
progresses much slower than surface scattering. This
process is illustrated in Fig. 5(b), each light ray will
go through different pathes for the random grain in the
screen when laser beam illuminate into the screen.

Fig. 3. (Color online) (a) Spectral characteristics of LC ma-
terial testing; (b) transmission changed with voltage at three
wavelengths.

Fig. 4. (Color online) Polarization characteristics.

Fig. 5. (Color online) (a) The internal structure of rear pro-
jection screen shot by electron microscopy and (b) schematic
diagram of laser passing through the screen.
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The intensity contrast ratio is usually used to describe
the degree of coherence of laser speckle:

C = σI/ < I >, (1)

where σI is the standard deviation and < I >is the av-
erage value of intensity over the speckle pattern. When
the observation time is large relative to the coherence
time of the light, the mean, µI =< I >, and variance,
σ2

I =< I2 > − < I >2, of the intensity of light having

finite bandwidth can be expressed as[4]:

σ2
I =

∫

∞

0

∫

∞

0

S(λ)S(λ′)| < Un(xi, yi, λ)

× U∗

n (xi, yi, λ
′) > |2dλdλ′µI(xi, yi), (2)

=

∫

∞

0

S(λ) < In(xi, yi, λ) > dλ, (3)

where In(xi, yi, λ) = Un(xi, yi, λ)U∗

n (xi, yi, λ
′),

Un(xi, yi, λ) is the normalized spectral amplitude of the
scalar (electric or magnetic) field at image position (xi,
yi) at wavelength λ, S(λ) is the power density of inci-
dent laser at wavelength λ from the source, and < . .
> is the expected value. The field at each point at the
output of a scattering medium can be represented as a
superposition of random phasors. Each random phasor
can be considered as representing a random photon path
through the medium. Within the image spot centered at
(xi, yi), then

U(λ) = Um(λ) exp(−i2πl/λ), (4)

where l is the path-length random variable and Um

is the field-magnitude random variable and the phase
2πl/λ = φ(λ) is uniformly distributed. Thus, within the
small image spot, the mean intensity from Eq. (3) be-
comes

µI = I0

∞
∫

0

S(λ)dλ. (5)

The normalized field probability density is

Un(λ) = I1/2
n exp[−iφ(λ)]. (6)

The normalized field autocorrelation ΓU =<
Un(λ)U∗

n (λ′) > can then be written as

ΓU = I0 < exp[−i2πl(1/λ− 1/λ′)] > . (7)

When Eq. (7) is substituted into Eq. (2), and Eq. (5) is
also used, the speckle contrast C becomes

µI/σI =

∫

∞

0

{

∫

∞

0

∫

∞

0

S(λ)S(λ′)

× | < exp[−i2πl(1/λ− 1/λ′)] > |2dλdλ′

}1/2

/S(λ)dλ.

(8)

From Eq. (8), it can be seen that the speckle contrast
will be reduced if l becomes larger.

Due to largest visual effect function of green color in
the visible region[18], a diffuser with diameter of 1 cm is
inserted in green laser’s optical path. From Ref. [17],
Goodman had proven that when laser passes through a
changed diffuser, the speckle contrast can be reduced to
√

1/k, and

k = (d/s)2, (9)

where d is the diameter of eyes’ distinguish primitive and
s is the diameter of projection lens’ distinguish primitive.
Four independent dielectric elastomer actuators (DEAs)
surround the diffuser. The thickness of DEAs will be
changed if enough voltage is applied on them[19]. The
four independent electrodes are used to obtain displace-
ment of the diffuser in both directions of the x- and
y-axis, as shown in Fig. 6. The equilibrium (no voltage
applied on the electrodes) position of the diffuser is rep-
resented by the dashed circle. In Fig. 6(a) the x1 and
y1 electrodes are activated, and the diffuser moves in
positive x- and y-direction. In Figs. 6(b)–6(d) the ana-
log effect is described for all four different states of the
diffuser. After reaching state 6(d), the cycle continues
with position 6(a). The moving frequency is 175 Hz and
the amplitude is 0.5 mm.

By using of the vibrating diffuser and body scattering
screen, laser speckle can be reduced to acceptable level.
As shown in Fig. 7(a), images are projected on white pa-
per directly and the speckle contrast is 0.25, in Fig. 7(b)
images are projected onto body scattering screen and
the speckle contrast is 0.15, and in Fig. 7(c) the diffuser
is used and images are projected onto body scattering
screen, the speckle contrast is 0.1.

Fig. 6. (Color online) Illustration of four independent DEAs
to move the diffuser.
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Fig. 7. (Color online) (a) Images are projected on white pa-
per, (b) images are projected onto body scattering screen, and
(c)the diffuser is used and images are projected onto body
scattering screen.

Fig. 8. (Color online) (a) AF chart is imaged on white paper,
(b) AF chart is imaged onto body scattering screen without
diffuser, (c) AF chart is imaged onto body scattering screen
with diffuser, and (d) CNR was plotted as a function of the
spatial frequency of the features on the test chart.

Clearly, the phenomena of red and blue laser speckles
are not severe in the proposed system, and it can be ex-
plained by the following two reasons: firstly, these two
laser LDs are located in the form of array. From Ref.
[17],

|µA|
2 = exp[−(2πσh/λ • ∆θi sin θi)] (10)

where µA is cross-correlation between speckles illumi-
nated from different angle of incidence, σh is standard
deviation of surface roughness, θi is the incidence angle,
and ∆θi is the angle between different incidence angles.
When ∆θi is only from 1◦ to 3◦, µA is approaching 0.1,

which means different speckle is nearly irrelevant and can
be reduced by the speckle patterns superimposed. Sec-
ondly, red and blue are both not sensitive to human’s eyes
and their visual effects functions are much smaller than
green’s[18]. Thus people can hardly distinguish these two
kinds of speckle when they are projected onto the body
scattering screen.

The image quality is the key point to projection sys-
tem, we demonstrate that our system can prevent speckle
to improve image quality. A 1951 US Air Force (AF) res-
olution test chart was imaged with the three conditions
mentioned above. Image quality can be compared quan-
titatively using the contrast-to-noise ratio (CNR)[20,21],
which is defined as

CNR = (< If > − < Ib >)/((σf + σb)/2), (11)

where < If > is the average intensity of the feature of
interest (for example, a bar in the AF test chart), < Ib >
is the average intensity of the surrounding background,
and σ is the standard deviation of pixel intensity. The
CNR describes the identifiability of a feature of inter-
est in a given background. In the AF test chart, the
bar’s width decreases from 0.3 to 0.05 cm and the spatial
frequency increases. As shown in Fig. 8(d), the CNR
decreases with increasing spatial frequency. When the
CNR approaches unity, feature contrast is comparable to
image noise. Hence, speckle dramatically degrades image
quality at high spatial coherence of laser. The collected
images are presented in Figs. 8(a)–8(c). In Fig. 8(a),
the laser exhibit speckle patterns within the AF charts,
corrupts the image. When images are projected onto the
body scattering screen, however, eliminate interference
effects and produce a clean image of the object.

In conclusion, a new laser-based single 3D projector
display system is demonstrated. The merit of the display
system is its compactness and simplicity in construction.
The key optical component in the system is a piece of TN
LC with wide spectral transmission to rotate polariza-
tion, making it inexpensive to construct a 3D projector.
Laser is used as light source because of its advantage
in life, gamut, and brightness. With a novel diffusive
screen which has good polarization-maintaining quality
and a vibrant diffuser, laser speckle of the system can
be reduced to 0.1 and image quality is also measured to
show which is good enough for people to watch.

This research was supported by the Fundamental Re-
search Funds for the Central Universities 09693.
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