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Lasers have been regarded as the potential illumination source for next generation projectors. With the additional
feature of coherency, diffractive optical elements (DOEs) become available in the illumination light path. DOEs
in laser projection display systems add strong beam-shaping ability, good uniform performance and small size,
which makes it is possible to realize efficient and uniform illumination on a spatial light modulator (SLM).
Moreover, it is helpful for the simplification and compactness of illumination optics. This paper proposed what
we believe is a novel RGB laser projection display illumination system based on a DOE, which used the DOE and
optical path compensation system (OPCS) as the beam-shaping and relay system (BSRS), instead of a light pipe
and relay lens group in the conventional laser projection display illumination system. We designed the DOE and
established the simulation model of the illumination system. The simulation results show that the new illumi-
nation system is simple and compact, the illumination uniformity is more than 90%, the illumination efficiency
of RGB illumination in BSRS is more than 75%, and the numerical aperture (NA) of the illumination beam is
about 0.01. © 2017 Optical Society of America

OCIS codes: (120.2040) Displays; (110.2945) Illumination design; (050.1970) Diffractive optics; (140.3300) Laser beam shaping.
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1. INTRODUCTION

With the increase in luminous efficiency and reliability, lasers
are attracting widespread attention for imaging applications,
such as in laser projectors, due to their large color gamut, high
brightness, and long life [1,2]. Moreover, for most conventional
light valve projection displays illuminated by UHP or xenon
lamps, the light collection efficiency on the spatial light modu-
lator (SLM) is constrained by the large source etendue [3].
Because laser light sources provide a potential solution, lasers
have been regarded as the potential illumination light source for
next generation projectors [2,4].

The design of illumination systems is one of the key tech-
nologies in laser projection displays. It determines the illumi-
nation efficiency and uniformity of the system. The intensity
distribution of laser beam usually is circular Gaussian, which
cannot achieve fully uniform illumination on the SLMs in laser
projection display systems [5]. To improve the illumination
efficiency in laser projection display systems, the laser beam
generally needs to pass through a beam-shaping and homogeni-
zation unit to transform the circular Gaussian beam into a

flat-top rectangular pattern. Then it must go through a relay
illumination unit to realize fully uniform illumination on
the SLMs. Diffractive optical elements (DOEs) for laser beam
shaping and homogenization are widely used [6,7]. Compared
to light pipes [8] or lens arrays [9], which were used in conven-
tional laser projection display illumination systems, DOEs can
meet the illumination uniformity and size requirements better
and increase the illumination efficiency with a stronger ability
to control intensity distribution. Simultaneously, the illumina-
tion path based on DOEs is simple and the devices can
be miniaturized, which is helpful for the compactness of the
illumination system.

This paper proposes what we believe is a novel RGB laser
projection display illumination system based on a DOE, which
used a DOE and optical path compensation system (OPCS) as
the beam-shaping and relay system (BSRS), instead of the light
pipe and relay lens group used in a conventional laser projec-
tion display illumination system. The DOE for illumination
was designed, and the simulation model of the illumination
system was established. Compared to a conventional laser
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projection display illumination system, the new illumination
system has higher illumination efficiency and better compact-
ness. Moreover, the numerical aperture (NA) of the illumina-
tion beam in the new system is very small, and the influence of
the illumination beam aperture angle to color separation
devices can be neglected. It also helps enhance the color
uniformity, and reduce the design difficulty and the size of
the projection lens.

2. MODEL OF ILLUMINATION OPTICS BASED
ON A DOE

A. DOE for Illumination
Figure 1 presents the DOE illumination model. The phase
distribution function ϕDOE�x; y� provided by the DOE needs
to turn the circular Gaussian beam U i�x; y� into a rectangular
top-hat distribution Uo�ξ; η� on the target plane at the speci-
fied distance L, to fully achieve uniform illumination on the
SLMs. According to the scalar diffraction theory, Uo�ξ; η� is
the Fresnel diffraction pattern of Ui�x; y�. Equation (1) ex-
presses the mathematical representation of the relationship as
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The NA of the illumination beam can be expressed by
Eq. (2),

NA ≈ tan θ � D − d
2L

; (2)

where D is the diameter of the DOE and d is the size of
the SLM.

During our research, we found an important nature of
DOEs. According to Eq. (1), a DOE is designed based on a
laser of wavelength λ1 to form a rectangular uniform pattern
at a distance L1. If this DOE is illuminated by a laser beam
of wavelength λ2, then it will get a same rectangular uniform
pattern at a distance L2. L2 can be expressed by Eq. (3),

L2 �
λ1
λ2

L1: (3)

Using this property, we designed what we believe is a novel
RGB laser projection display illumination system based on
a DOE.

B. RGB Laser Projection Illumination System Based
on a DOE
Figure 2 presents the apparatus used in the proposed RGB laser
projection display system based on a DOE. The collimated
RGB laser beams combine together through an X lens, and
then the combined laser beams perpendicularly illuminate a
DOE. By the modulation of the DOE, the RGB laser beams
are transformed into rectangular uniform spots at different dis-
tances, respectively. The RGB rectangular uniform spots illu-
minate the corresponding SLMs with same size as the
SLMs. According to Eq. (3), the spot formation distance of
red light is the shortest, while the spot formation distance of
blue light is the longest. As the distances between the DOE
and the three SLMs are the same to make the RGB rectangular
spots accurately illuminate the corresponding SLM, an OPCS
is required to compensate for the optical path difference be-
tween the RGB spots. As shown in Fig. 2, the OPCS is com-
posed of two longpass dichroic mirrors, LP1 and LP2; two
shortpass dichroic mirrors, SP1 and SP2; and two mirrors,
R1 and R2. The longpass dichroic mirrors, LP1 and LP2, trans-
mit a red laser beam while reflecting a green laser beam and a
blue laser beam. The shortpass dichroic mirrors, SP1 and SP2,
transmit a blue laser beam while reflecting a green laser beam.
Because the OPCS compensates for the optical path difference
between the RGB spots, the RGB illumination spots forming
by the DOE can be located exactly at the respective SLMs,
thereby realizing uniform illumination on the SLMs.

The main difference between the laser projection display il-
lumination system based on a DOE and a conventional laser
projection display illumination system is that the DOE and
OPCS are used instead of the light pipe and a relay lens group,
as shown in Fig. 2. The part in the dashed box is the BSRS.
In Section 3, we will build a simulation model of the laser
projection display illumination system based on a DOE to
verify the effect of the BSRS changing on the performance
of the laser projection display illumination system.

3. RESULTS AND DISCUSSION

As an example, we designed a laser projection display illu-
mination system based on a DOE. The size of the digital

Fig. 1. Illumination model of the DOE.
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Fig. 2. Apparatus used in the proposed RGB laser projection display
system based on a DOE.
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mirror device (DMD) in the system is 14.39 mm ×
8.09 mm. According to the RGB laser wavelength selection
method described in various literature [10,11], and combined
with the existing laser products on the market, RGB lasers of
635 nm, 527 nm, and 447 nm were chosen as the illumination
source.

We used the concept of the iterative Fourier transform al-
gorithm [12–14] to design the DOE for illumination. The
DOE was designed for a 635 nm wavelength, 17 mm diameter,
8.5 μm pixels size, propagation distance of 360 mm, and for a
target plane pattern of 14.39 mm × 8.09 mm, which is equal
to the size of the DMD. Figure 3(a) presents the phase distri-
bution of the DOE. Generally, the DOE can be fabricated with
the masks’ etching process, which uses staircase surface relief
instead of continuous surface relief. Here, we use the etching
process on four masks to obtain a 16-staircase surface structure.
Figure 3(b) shows the local phase structure of Fig. 3(a) along
the X direction, and the 16 staircase structure is obvious. The
four masks provide a phase shift of π, π∕2, π∕4, and π∕8,
respectively, and their pixel size is 8.5 μm. The etching depth
of the masks can be calculated by Eq. (4),

hi �
λ

2i�n − 1� i � 1; 2; 3; 4; (4)

where λ is the wavelength, n is the refraction index of the fab-
rication material, and i is the number of the mask. Figure 4
shows the intensity distribution of the RGB with different
propagation distances. Figures 4(a)–4(c) show the intensity dis-
tribution of the RGB with a propagation distance 360 mm.
Figure 4(a) indicates the R light forms a uniform rectangular
spot at the diffractive plane, the diffractive efficiency is
85.73%, the rms error of the illumination pattern is 7.56%,
and the uniformity is 91.68%. The G light and B light with
a propagation distance 360 mm form bad spots, as shown in
Figures 4(b) and 4(c). According to Eq. (3), if the DOE is
illuminated by lasers of 527 nm and 447 nm, then we will
get the same rectangular spot as Fig. 4(a) at distances of
433.78 mm and 511.41 mm, respectively. Figures 4(d)–4(f )
show the intensity distribution of the RGB with a propagation
distance 433.78 mm. Figures 4(g)–4(i) show the intensity dis-
tribution of the RGB with a propagation distance 511.41 mm.
Figure 4(e) indicates the G light with a propagation distance
433.78 mm forms a uniform rectangular spot that is the same
as Fig. 4(a), and the same as the spot formed by the B light
with a propagation distance 511.41 mm, as shown in Fig. 4(i).

Figures 4(a), 4(e), and 4(i) prove the idea proposed in
Section 2.A.

Based on the DOE designed previously, a simulation model
of a 3DMD laser projection display illumination system was
designed and established, as shown in Fig. 5. In this model,
the longpass dichroic mirrors used in the OPCS are model
DMLP550 (Thorlabs Inc., Newton, N.J.) and have a cutoff
frequency of 550 nm. The laser with a wavelength higher than
550 nm will be transmitted and the transmittance is 98%.
Lower than 550 nm will be reflected and the reflectance is
97%. The shortpass dichroic mirrors used in the OPCS are
model FF01-SP468 (Semrock, Inc. Rochester, N.Y.) and have
a cutoff frequency of 468 nm. The laser with a wavelength
lower than 468 nm will be transmitted and the transmittance
is 98%. Higher than 468 nm will be reflected and the
reflectance is 99%. The reflectance of mirrors in the OPCS
is 99%. The Philips lens system is model DT310 (Keting
Optical Technology Inc., Hangzhou, China).

The optical path length of the incident illumination beam
traveling in the DT310 is 170 mm. Next, we compared the
performance of the BSRS based on a DOE with the BSRS
based on a light pipe to evaluate illumination efficiency,
illumination uniformity, and compactness to illustrate the
advantages of an illumination system based on a DOE.

First, we focus on the illumination efficiency. The energy
efficiency of the BSRS based on a light pipe is determined
by the efficiency of the light pipe, the relay lens system, and
the illumination field. Generally, in the BSRS based on a light
pipe, the energy efficiency of the light pipe is 88%, and the
energy efficiency of the relay lens system is 92% [15]. In
the BSRS based on a light pipe, we must consider the energy
loss caused by the edge of the illumination field at the same
time. Because of the distortion aberration of the relay lens
system, when the uniform rectangular spot in the output plane
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Fig. 3. (a) Phase distribution of DOE. (b) Local phase structure of
(a) along the X direction.
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Fig. 4. Rectangular intensity distribution of RGB light with a
propagation distance of (a)–(c) 360 mm, (d)–(f ) 433.78 mm, and
(g)–(i) 511.41 mm.
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of the light pipe passes through the relay lens system, the edge
of the spot will deteriorate and the illumination quality will be
decreased. It is general practice to set a certain amount of light
margin to ensure good illumination uniformity. Since the edge
area of the illumination spot is discarded, the energy efficiency
of the system is reduced. Assuming the spot margin is 0.5 mm,
then the size of illumination spot is 14.89 mm × 8.59 mm, and
the energy efficiency of the illumination field is approximate
91%. Therefore, the energy efficiency of the BSRS based on
a light pipe is 88% × 92% × 91% � 73.67%. The energy ef-
ficiency of the BSRS based on a DOE is only determined by the
efficiency of the DOE and the OPCS. Because there is no dis-
tortion aberration in the OPCS, when the illumination field
passes through the OPCS, the edge of the illumination field
remains unchanged and the illumination quality also remains
unchanged. In other words, the energy efficiency of the illumi-
nation field is 100% and cannot be considered. In the BSRS
based on a DOE, the diffractive efficiency of the DOE is
85.73%. Since the RGB light in the OPCS goes through
different devices, respectively, the respective energy efficiency
in the OPCS is not the same. The energy efficiency of the
R light in the OPCS is 0.982 � 96.04%, the energy efficiency
of the G light in the OPCS is 0.972 × 0.992 � 92.21%,
and the energy efficiency of the B light in the OPCS is
0.972 × 0.982 × 0.992 � 88.57%. Then the respective total
energy efficiency of the RGB light in the BSRS based on a
DOE is 82.34%, 79.05%, and 75.93%. Compared to the
energy efficiency of the BSRS based on a light pipe, the energy
efficiency of the BSRS based on a DOE is higher, the
energy efficiency of the B light increases 3.1%, the energy ef-
ficiency of the G light increases 7.3%, and the energy efficiency
of the R light increases nearly 11.8%.

Then, we were concerned about the illumination uniform-
ity. Usually the illumination uniformity of the three DMDs in
the BSRS based on a light pipe is approximately 96% [15]. In
the BSRS based on a DOE, the illumination uniformity is
determined by the DOE. We get the illuminance distribution
on the three DMDs by ray tracing. Figures 6(a)–6(c) show the
illuminance distribution pattern on the RGB DMD, respec-
tively. According to the 13 points ANSI standard, the respective
illuminance uniformity of the RGB DMDs is 92.84%,

93.17%, and 93.78%. Compared to the BSRS based on a light
pipe, the illuminance uniformity of the BSRS based on a DOE
is slightly lower, but the uniformity performance is also good,
and is more than 90%. Moreover, the illumination uniformity
of the BSRS based on a DOE can be further increased by im-
proving the DOE design algorithm.

Next, we pay attention to the compactness of the BSRS. In
the BSRS based on a light pipe, since the illumination uniform-
ity is determined by the length of the light pipe, the length of
the light pipe is usually more than 100 mm to get good illu-
mination uniformity. In addition, the relay lens system usually
consists of 3–4 lenses, the diameters of the lens are tens of

Fig. 5. Simulation model of the laser projection display system
based on a DOE.

Fig. 6. Illuminance distribution pattern on the RGB DMDs in the
BSRS based on a DOE: (a) R DMD; (b) G DMD; and (c) B DMD.
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millimeters, and the total length of the relay lens system will be
hundreds of millimeters. It can be known that the BSRS
based on a light pipe has a big size and long length, which
is harmful to the compactness of the illumination system. In
the BSRS based on a DOE, the diameter of the DOE is
17 mm, and the thickness of the DOE is only 2 mm.
Although the working distance of the DOE is long, the op-
tical path is folded by the OPCS, and the Philips prism sys-
tem includes a part of the distance, which makes the
structure of the BSRS based on a DOE is very compact.
As shown in Fig. 5, the DOE working distance for the R
light is 360 mm, while the optical path length of the incident
illumination beam traveling in the Philips prism system is
170 mm, then the distance between the DOE and the
Philips prism system incident surface is 190 mm, which is
only slightly longer than the length of the light pipe. So
the BSRS based on a DOE has a much more compact
structure.

In addition, there is a bid difference in the NAs of the illu-
mination beams in the two BSRSs. The NA of illumination
beam in the BSRS based on a light pipe is about 0.2. On
the other hand, in the BSRS based on a DOE, according to
Eq. (2), the NA of the illumination beam of RGB can be cal-
culated as 0.012, 0.01, and 0.009, respectively, which is much
smaller than the NA of the illumination beam in the BSRS
based on a light pipe. The characteristic of the dichroic coating
is related to the incident angle. As the illumination system
inevitably has a certain aperture angle, the incident angle of
the color separation devices has a certain angle range, so the
beam incident angle at different locations of the color separa-
tion devices is different, which causes a change in the transmit-
tance and cutoff wavelengths at different positions of the
dichroic devices. It will decrease the color uniformity and en-
ergy efficiency of the illumination system. The bigger the NA
of the illumination system, the larger the negative impact.
Therefore, the effect of the illumination aperture angle on
the color separation device can be neglected in the illumination
system based on a DOE because of its much smaller NA. It is
advantageous to improve the color uniformity and energy effi-
ciency of the illumination system. What’s more, the projection
display system is an etendue-limited system, and the device that
limits the etendue is the SLM. According to the non-imaging
optical theory, if the etendue of the illumination beam is greater
than the etendue of the SLM, then a portion of the illumina-
tion beam will not be used by the system, resulting in a reduc-
tion in energy efficiency. The low NA of the illumination
system corresponds to a low etendue of the illumination beam,
which is beneficial to the improvement of system energy effi-
ciency. Moreover, a low illumination NA is helpful to reduce
the design difficulty and size of the projection lens.

Finally, we focus on the difference between the two systems
in dealing with the laser speckle. In the laser projection display
system based on a light pipe, to reduce the laser speckle, the
usual method is to add a device in the light path and vibrate
it [16–18]. While in the laser projection display system based
on a DOE, DOE itself can play an important role in speckle
suppression. By fine designing the DOE, a low speckle image
can be obtained, which is illustrated in Ref. [14]. Compare to

the system based on a light pipe, the system based on a DOE
does not require additional devices for speckle reducing, and
does not require a complex mechanical vibration device, which
is helpful to improve the compactness, energy efficiency, and
stability of the system.

4. CONCLUSION

This paper proposed what we believe is a novel laser projection
display illumination system based on a DOE, which used the
DOE and OPCS as the BSRS, instead of a light pipe and relay
lens group used in a conventional laser projection display illu-
mination system. In the new laser projection display illumina-
tion system, the DOE transforms the RGB laser beam into a
uniform rectangular spot with the same size at different distan-
ces, respectively. The optical path difference between the DOE
and the RGB SLMs is compensated by the OPCS, so that the
RGB light spot generated by the DOE can accurately illumi-
nate on the respective SLM. It is worth mentioning that the
DOE also can play an important role in speckle suppression.
Compared to a conventional laser projection display illumina-
tion system based on a light pipe, the new laser projection dis-
play illumination system has higher illumination energy
efficiency, a more compact structure and a much smaller illu-
mination beam NA. The simulation result shows that the illu-
mination efficiency of the RGB light in the new laser projection
display illumination system is increased by 3.1%, 7.3%, and
11.8%, respectively. Although the new illumination system
has slightly worse illumination uniformity, but the effect is
good, and is more than 90%. The illumination uniformity
can be further increased by improving the DOE design algo-
rithm. The proposed scheme provides the potential to integrate
all the components, including lasers and optics, on a micro
bench to become a micro opto-electro-mechanical device for
miniature projectors.
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