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Abstract: Laser speckle has a negative effect on laser projectors, so reducing laser speckle is crucial
for the development of laser projector displays. We primarily focus on studying the laser speckle
contrast of laser projector displays and the mechanism for reducing speckle. Based on the theory of
decreasing temporal and spatial coherence of laser light, this report derives the complete formula for
calculating speckle contrast in a laser projector display and provides detailed calculation procedures.
According to the comprehensive formula, the primary factors influencing speckle contrast encompass
wavelength, spectrum, angles of incidence or observation of lasers, the roughness of the screen
surface, the number of independent speckle patterns generated by a moving diffuser, and the number
of resolution elements within one eye resolution element in the projector lens. Various methods have
been used in the projection engine to suppress speckle, and the main factors for reducing speckle have
been verified through theoretical calculations and experimental verification. At a testing distance
of 700 mm and with an F-number of 41.7 for the detector lens, the RGB laser speckle contrasts were
measured to be 9.1%, 7.3%, and 10.4%, respectively, which aligns well with the results obtained
from theoretical calculations. Meanwhile, the speckle contrast of the white field was also measured,
yielding a result of 5.6%. The speckle contrast becomes imperceptible when the viewing distance
exceeds 2000 mm in our projection system.

Keywords: laser speckle; speckle noise; projector; display

1. Introduction

When high-coherence laser light is reflected from a roughened surface, the random
roughness of the surfaces contributes to introducing random phase variations [1]. Most
surfaces, such as walls or projector screens, are rough on the scale of a visible optical
wavelength. Various microscopic facets of the roughened surface emit spherical waves
as secondary light sources when laser light is reflected, and laser speckle is observed due
to interference between these spherical waves. Speckle contrast is maximum when the
roughness of the projector screen surfaces is close to the scale of the optical wavelength,
and it will decrease as the surface roughness increases. The presence of laser speckle has
a detrimental impact on the performance of laser projectors; thus, mitigating its effects
assumes paramount importance in advancing the development of laser projector displays.
Many laser speckle reduction methods have been reported, such as broadening the spec-
trum [2] through high-frequency driving current [3], using a laser module with diverse
wavelengths [4], utilizing random lasers [5], and employing polarization diversity [6] or
angle diversity [7,8]. Other methods that have been developed include using a moving
random diffuser plate [9,10], rotating a diffractive optical element [11] or microlens ar-
ray [12], and using a motionless changing diffuser [13]. However, previous reports mainly
focus on the single factor or method to study the laser speckle. The laser projector system
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is complicated, and many factors have an impact on the speckle contrast, such as the
wavelength, spectrum, angles of incidence or observation of lasers, roughness of the screen
surface, number of independent speckle patterns generated by a moving diffuser, and
number of resolution elements within one eye resolution element in the projector lens.
Then, a comprehensive speckle contrast formula for laser projectors, encompassing the
primary factors influencing speckle contrast, is necessary for researching and developing
the laser projector system.

With the advancement of visible semiconductor lasers, laser projection displays have
gained widespread usage across various applications owing to their enhanced contrast,
heightened brightness, and expanded color gamut. In this report, we mainly study the laser
speckle contrast of laser projector displays and the mechanism for reducing speckles. Based
on the theory of decreasing the temporal coherence and spatial coherence of laser light, we
derive the complete formula for calculating the speckle contrast of a laser projector display
and provide detailed calculation procedures. According to the complete formula, the main
factors that affect speckle contrast are wavelength, spectrum, angles of incidence or obser-
vation of lasers, the roughness of the screen surface, the number of independent speckle
patterns created by the moving diffuser, and the number of resolution elements within
one eye resolution element in the projector lens. The majority of factors that contribute to
reducing speckle will be discussed and analyzed. Based on the conclusions drawn from
our analysis, we have designed a projection engine to experimentally test and validate our
theoretical calculations.

2. Theoretical Analysis

According to the basic theory of speckle formation, the mechanism for reducing
speckle mainly depends on decreasing the temporal coherence and spatial coherence of
laser light. Regarding speckle suppression through the reduction in temporal coherence [14],
the spectrum of laser light affects temporal coherence. Temporal coherence decreases when
the spectrum broadens. When the incidence and observation angles are approximately
equal, the normalized cross-correlation µA of two speckle fields A1 and A2 can be shown
as follows:

µA(q1, q2) = Mh(∆qz)Ψ(∆qt), (1)

where Mh(∆qz) is the first-order characteristic function of the surface height fluctuations
h, and Ψ(∆qt) represents the translation of the speckle pattern with respect to the obser-
vation point when changing the angles of incidence or observation and the expansion or
contraction of the speckle pattern by changing the laser wavelength. Then, the speckle
contrast is

C =

√∫ ∞

−∞
KG(∆v)|Mh(∆qz)|2d∆v, (2)

where KG(∆v) is the autocorrelation function of the normalized power spectrum. When
the source has a Gaussian-shaped spectrum, the autocorrelation function of the normalized
power spectrum is found to be

KG(∆v) =

√
2

πδv2 exp(−2∆v2

δv2 ). (3)

Assume that the surface height fluctuations are Gaussian; then,

|Mh(∆qz)|2 = exp(−σ2
h ∆q2

z), (4)

where

∆qz =

∣∣∣∣2π

λ1
− 2π

λ2

∣∣∣∣(cos θ0 + cos θi) =
2π|∆v|

c
(cos θ0 + cos θi). (5)
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Then, the speckle contrast can be shown as Equation (6). More derivation procedures
can be found in ref [13].

C =

√√√√ 1√
1 + 2π2( δv

v )
2
( σh

λ
)

2
(cos θ0 + cos θi)

2
, (6)

where v is the center frequency of the spectrum; δv represents the 1/e width of the spectrum;
σh represents the height distribution with standard deviation; λ is the average wavelength
of incidence laser; and θ0 and θi are incidence and observation angle, respectively.

As for the speckle suppression caused by a reduction in spatial coherence, the speckle
contrast reduces when two independent and uncorrelated speckle patterns are added.
When two independent speckle patterns with the independent intensities I1 and I2 are
added, the total detected intensity Is can be expressed as

Is = I1 + I2. (7)

The negative exponential probability density functions of two speckle pattern intensi-
ties are

p1(I1) =
1
I1

exp
(
−I1
I1

)
p2(I2) =

1
I2

exp
(
−I2
I2

) . (8)

The probability density function of the sum of independent speckle patterns im-
plies that

ps(Is) =
1
I2

exp
(
−Is

Is

)
. (9)

The first and second moments of the sum intensity are given by

Is = I1 + I2

Is
2 = (I1 + I2)

2 = I1
2 + I2

2 + 2I1 I2 = I1
2 + I2

2 + 2I1 I2
. (10)

According to I1
2 = 2I1

2 and I2
2 = 2I2

2, the result is

σ2
s = Is

2 − Is
2
= I1

2
+ I2

2.

Then, the speckle contrast is given by

C =
σs

Is
=

√
I1

2
+ I2

2

I1 + I2
. (11)

When the average intensity of two speckle patterns is equal, then the minimum
speckle contrast by the sum of two independent and uncorrelated speckle patterns will be
C = 1√

2
. The speckle contrast reduces to the expression C = 1√

N
where N is the sum of the

independent speckle pattern with an equal average intensity.
The projection engine consists of a combiner system, an illumination system, and a

projection lens. Various methods have been employed in each system to suppress speckle.
For instance, the wavelength and spectrum of lasers in the combiner system affect speckle
contrast by reducing temporal coherence, as discussed in Equation (6). The factors, such
as the moving diffuser and projection lens in the illumination system and projection lens
system, will be discussed later. The simple beam path diagram is shown in Figure 1. Both a
moving diffuser and a static diffuser are used in the system to suppress speckle. According
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to the analysis by Goodman [14], when the diffuser does not overfill the projection lens,
speckle contrast in the projector system is

C =
σ1

I
=

√
I2 − I2

I
=

√
1
M

+
1
N

− 1
MN

, (12)

where N represents the number of statistically independent speckle patterns resulting from
the movement of the diffuser, and M represents the number of projector lens resolution
areas contained with one eye or the detector resolution at the projection screen.
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Figure 1. The diagram illustrates the simple beam path of a laser projection engine.

As the diffuser moves, each point on the diffuser experiences a changing phase of
illumination. Consequently, the points on the screen generate a random walk of amplitudes,
resulting in the speckle intensity at any point on the screen changing over time. In order
to calculate the number of statistically independent speckle patterns, (α, β) expressed the
plane of two diffusers and (x, y) expressed the screen plane.

A(x, y, t) =
x

h(x, y; α, β)a(α, β, t)dαdβ, (13)

where the point spread function of the laser projector system is

h(x, y; α, β) = 1
λ2z2 exp

[
j π

λz2 (α
2 + β2)

]
∞∫

−∞

∫
P(ξ, η)× exp

{
−j π

λz2 [ξ(α + x) + η(β + y)]
}

dξdη
. (14)

The optical field of the static diffuser is

a(α, β, t) = a0(α, β)τ1(α, β, t)τ2(α, β)
= a0(α, β) exp[jϕ0(α, β)] exp[jϕd(α + vt, β)]

, (15)

where (α, β) expresses the plane of two diffusers, a0(α, β) is the optical field of the moving
diffuser, τ1(α, β, t) and τ2(α, β) are the transmission functions of the moving diffuser and
static diffuser, respectively, P(ξ, η) is the pupil function of the projection system, ϕd and
ϕ0 are the contributing phase of the moving diffuser and static diffuser, v is the linear
velocity of the moving diffuser, λ is the wavelength of incident light, and z is the distance
between projection lens and screen. Since the imaging system has been assumed to be
space invariant, it suffices to calculate these auto-covariance functions at a single pair of
image coordinates, which we take to be (x = 0, y = 0).
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The temporal autocorrelation function of the screen fields is

ΓA(∆t) = ⟨A(0, 0; t)A∗(0, 0; t − ∆t)⟩ =
s

∞

s

∞
h(α1, β1)h∗(α2, β2)

×⟨a(α1, β1; t)a∗(α2, β2; t − ∆t)⟩dα1dβ1dα2dβ2
, (16)

⟨a(α1, β1; t)a∗(α2, β2; t − ∆t)⟩ = |a0|2 exp{⟨j[ϕ0(α1, β1)− ϕ0(α2, β2)]⟩}
× exp{⟨j[ϕd(α1 − vt, β1)− ϕd(α2 − vt + v∆t, β2)]⟩}
= |a0|2 exp

{
−σ2

0 [1 − µ0(∆α, ∆β)]
}
× exp

{
−σ2

d [1 − µd(∆α − vt, ∆β)]
} , (17)

where v is the linear velocity of the moving diffuser and ∆t is the moving time of the
diffuser, v∆t = ∆α, v∆t = ∆β, ∆α = α1 − α2, ∆β = β1 − β2, σ2

0 , and σ2
d are the variances of

ϕ0 and ϕd, and µ0 and µd are the normalized autocorrelation functions of the phases.
The temporal autocorrelation function of the screen fields can be simplified as

ΓA(∆t) = |a0|2
s

∞
H(∆α, ∆β) exp

{
−σ2

0 [1 − µ0(∆α, ∆β)]
}

× exp
{
−σ2

d [1 − µd(∆α + vt, ∆β)]
}

d∆αd∆β
, (18)

H(∆α, ∆β) =
πD2

(λz)2

2
J1

(
πD

√
∆α2 + ∆β2/λz

)
πD

√
∆α2 + ∆β2/λz

. (19)

The normalized intensity auto-covariance function is

µA(∆t) ≈ H(∆α, ∆β)

H(0, 0)
= 2

J1

(
πD

√
∆α2 + ∆β2/λz

)
πD

√
∆α2 + ∆β2/λz

. (20)

The number of statistically independent speckle patterns depends on the distance of
the moving diffuser and the projector lens resolution. According to Goodman [14], the
number of statistically independent speckle patterns is

N ≈ T
τc

=

[
1
T

∫ ∞

−∞
|µA(∆t)|2dt

]−1
, (21)

where T represents the time of moving the diffuser.
The correlation time of the speckle intensity is

τc =
∫ ∞

−∞
|µA(∆t)|2dt =

8λz
3π2vD

, (22)

where, for a circular pupil in the imaging system of this report, the factor H(∆α, ∆β) has
a width of approximately λz/D; then, the number of statistically independent speckle
patterns is

N =
3π2vDT

8λz
. (23)

When T is greater than the duration of one rotation of a moving diffuser, then the
number of statistically independent speckle patterns is

N =
3π3rD

4λz
, (24)

where v represents the linear velocity of the moving diffuser, r represents the radius of the
moving diffuser, D represents the effective diameter of the projection lens, and z represents
the distance between the projection lens and screen.

As for the resolution elements of the projector lens within one eye resolution element,
M depends on the resolution element of the eye and the resolution element of the projector
lens on the screen, as shown in Figure 2.
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Figure 2. The large circle of diameter d represents one resolution element of the detector, while the
smaller circles of diameter s represent resolution elements of the projector lens.

The large circle of diameter d represents one resolution element of the detector on
the screen, while the smaller circles of diameter s represent the resolution element of the
projector lens. The resolution elements of the projector lens within one eye resolution
element can be represented as

M = (
d
s
)

2
, (25)

where the resolution element of the projector lens on the screen can be represented as

s =
1.22λZ1

D1
. (26)

The resolution element of the detector on the screen can be represented as

d =
1.22λZ2

D2
, (27)

where Z1 and Z2 represent the distance between the projector lens and the screen and the
distance between the detector and the screen, respectively. D1 and D2 represent the effective
diameter of both the projection lens and the detector lens. λ represents the wavelength of
incident light.

The speckle contrast in the projector system depends not only on the number of
statistically independent speckle patterns and the number of resolution areas within one
eye or detector at the projection screen but also on the wavelength, spectrum, and roughness
of the screen. The complete formula for calculating speckle contrast in a laser projector
display can be presented as

C = Cλ,σ × CMN , (28)

where

Cλ,σ =

√√√√ 1√
1 + 2π2( δv

v )
2
( σh

λ
)

2
(cos θ0 + cos θi)

2
, (29)

CMN =

√
1
M

+
1
N

− 1
MN

. (30)
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The complete formula for calculating speckle contrast in a laser projector display can
be presented as

C =

√√√√ 1√
1 + 2π2( δv

v )
2
( σh

λ
)

2
(cos θ0 + cos θi)

2

(
1
M

+
1
N

− 1
MN

)
. (31)

According to the complete formula, the main factors that affect speckle contrast are
wavelength, spectrum, angles of incidence or observation of lasers, the roughness of the
screen surface, the number of independent speckle patterns created by moving diffuser, and
the number of resolution elements within one eye resolution element in the projector lens.

3. Calculation and Experiment

In this report, the projection engine consists of three parts, as shown in Figure 3. The
first one is a combiner system, which is used to collect and collimate the lights of the
semiconductor RGB (red, green, and blue) laser. The second one is an illumination system,
which is designed to control the light out of the fly eye onto the DMD chip, generating
particular spot sizes and incident angles. The moving and static diffusers are installed in
the illumination system, as shown in Figure 3. The last part is a projection lens, which is
used to project the DMD image onto the screen with high resolution and low distortion.
Each part has factors that affect the speckle contrast, such as the wavelength, spectrum, and
angles of incidence or observation of lasers in the combiner system; the moving diffuser
and static diffuser in the illumination system; and the F-number and focal length of the
projection lens.
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Figure 3. The diagram of the projection engine consists of three parts: a combiner system, an
illumination system, and a projection lens. The red arrow indicates the orientation of the image.

In the projection engine system, the wavelengths of the RGB laser used in a combiner
system are 638 nm, 525 nm, and 465 nm, respectively. The FWHMs (full widths at half
maximum) of RGB lasers are 7.36 nm, 6.5 nm, and 4.3 nm, respectively. The rotational
frequency of the moving diffuser is 120 Hz, and the radius of the moving diffuser is 19.5 mm
in the illumination system. The F-number and focal length of the projection lens are 1.7
and 12.5 mm, respectively. The detector is the speckle contrast measurement system from
OXIDE. According to the report by Shigeo Kubota [15], the equivalent circular aperture
diameter is approximately 1.2 mm, obtained by simulating the human eye in measurements
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of speckle from laser-based projection displays. Then, the F-number and focal length of the
detector lens are 41.7 and 50 mm, respectively. The distance between the projector lens and
the screen is 2150 mm, and the distance between the detector and the screen is 700 mm.

According to Equation (31), the speckle contrast decreases as the FWHM of RGB lasers
increases, when the other parameters in the projection engine remain unchanged, as shown
in Figure 4. The speckle contrast increases as the wavelength red-shifts when the FWHM
of RGB lasers are equal. When the laser wavelength is smaller than the screen roughness,
the random fluctuations in roughness will lead to random variations in the light phase.
Each point on the illuminated rough surface can be considered as a secondary light source,
emitting spherical waves into free space. These spherical waves interfere with each other
to form speckles. As the laser wavelength approaches closer to the screen roughness, there
is an increase in speckle contrast. This explains why there is an increase in speckle contrast
as the wavelength red-shifts.

Photonics 2024, 11, x FOR PEER REVIEW 9 of 18 
 

 

light source, emitting spherical waves into free space. These spherical waves interfere with 
each other to form speckles. As the laser wavelength approaches closer to the screen 
roughness, there is an increase in speckle contrast. This explains why there is an increase 
in speckle contrast as the wavelength red-shifts. 

 
Figure 4. The speckle contrast decreases as the FWHM of RGB lasers increases. 

As for the roughness of the screen, the speckle contrast decreases as the roughness of 
the screen increases. The principle is that when the screen roughness exceeds the laser 
wavelength, this random fluctuation of roughness will result in a random fluctuation of 
the light phase. Each point on the illuminated rough surface can be considered as a sec-
ondary light source, emitting spherical waves into free space. These spherical waves in-
terfere with each other to form speckles. The rougher the screen is, the lower the contrast 
of the formed speckle, as shown in Figure 5. 

0 1 2 3 4 5 6 7 8 9 10 11
0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

20%

22%

24%

FWHM(nm)

Sp
ec

kl
e 

co
nt

ra
st

 Red laser
 Green laser
 Blue laser

Figure 4. The speckle contrast decreases as the FWHM of RGB lasers increases.

As for the roughness of the screen, the speckle contrast decreases as the roughness
of the screen increases. The principle is that when the screen roughness exceeds the laser
wavelength, this random fluctuation of roughness will result in a random fluctuation of the
light phase. Each point on the illuminated rough surface can be considered as a secondary
light source, emitting spherical waves into free space. These spherical waves interfere with
each other to form speckles. The rougher the screen is, the lower the contrast of the formed
speckle, as shown in Figure 5.

The number of independent speckle patterns created by a moving diffuser is critical
to the speckle contrast, according to theoretical analysis. As the rotational frequency of
the moving diffuse increases, the number of independent speckle patterns also increases.
However, the number of statistically independent speckle patterns remains constant when
the time required to move the diffuser exceeds one rotation duration, as demonstrated in
Equation (24). And when the number reaches a certain amount, as shown in Figure 6, there
is no obvious change in the speckle contrast. According to Equation (31), when the value of
N reaches a certain threshold, the formula 1

M + 1
N − 1

MN will approach 1/M. At this point,
increasing the value of N does not result in any significant change in speckle contrast.
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Figure 6. The number of independent speckle patterns and speckle contrast change as the rotational
frequency of the moving diffuse increases.

In the theoretical calculation, Table 1 shows the values of RGB laser speckle contrast
and the parameters in the projection engine system. Z1 and Z2 represent the distance
between the projector lens and the screen and the distance between the detector and the
screen, respectively. D1 and D2 represent the effective diameter of both the projection lens
and the detector lens. According to Equation (31), when the viewing distance is 700 mm,
the RGB laser speckle contrast is 9.38%, 7.44%, and 10.48%, respectively.

The value of M in the projection system is only 4.6 according to Table 1, which severely
affects the speckle contrast. The value of M in the projection system depends on various
factors, such as the F-number and focal length of the projector lens and detector lens, the
distance between the projection lens and screen, and the viewing distance. As the viewing
distance increases, the value of M in the projection system also increases, resulting in a
decrease in RGB laser speckle contrast, as shown in Figure 7. The speckle contrast will
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decrease to less than 4%, which is imperceptible to humans [16], when the viewing distance
exceeds 2000 mm. The F-number of both the projection lens and detector lens also has
a significant effect on the value of M and the speckle contrast. As the F-number of the
projection lens increases, the value of M decreases, resulting in an increase in RGB laser
speckle contrast, as shown in Figure 8a. Regarding the F-number of the detector lens, the
results are the opposite. The speckle contrast decreases as the F-number of the detector lens
increases, as shown in Figure 8b.

Table 1. The value of RGB laser speckle and the parameters.

Red Laser Green Laser Blue Laser

Wavelength (nm) 643 525 465
FWHM (nm) 7.65 8.1 3.2
Roughness of screen (um) 150 150 150
Rotational frequency (Hz) 120 120 120
D1 7.35 7.35 7.35
D2 1.2 1.2 1.2
Z1 (mm) 2000 2000 2000
Z2 (mm) 700 700 700
N 26,130 31,755 35,852
M 4.6 4.6 4.6
Cλ,σ 20.13% 15.98% 22.50%
CMN 46.59% 46.59% 46.59%
C (speckle contrast) 9.38% 7.44% 10.48%
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In the experiment, a projection engine design, as shown in Figure 3, is tested using the
speckle contrast measurement system from OXIDE. When the testing distance is 700 mm
and the F-number of the detector lens is 41.7, the RGB laser speckle contrasts are 9.1%, 7.3%,
and 10.4%, respectively, as shown in Figure 9, which agrees with the theoretical calculation
results depicted in Table 1. Meanwhile, the speckle contrast of the white field is also tested,
and the result is 5.6%. According to the principles of color speckle calculation [17,18], the
value of color speckle depends on both the RGB speckle contrast and the ratio of RGB
brightness on a white field. The speckle contrast of the white field is

CW =

√(
LR
LW

)2
C2

R +

(
LG
LW

)2
C2

G +

(
LB
LW

)2
C2

B, (32)
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where LR, LG, LB, and LW represent the brightness of the RGB and white field, respectively,
while CR, CG, and CB represent the RGB speckle contrast, respectively. The ratios of RGB
brightness on a white field are 22.1%, 70.3%, and 7.6%, respectively, in the report. The
speckle contrast of the white field is calculated as 5.55%, according to Equation (31), which
agrees with the testing result of 5.6%.
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Figure 9. The testing results show the RGBW laser speckle contrasts are 9.1%, 7.3%, 10.4%, and 5.6%,
respectively, (a–d) represent the pictures of the RGBW laser speckle.

Simultaneously, in order to investigate the impact of detection range on speckle
contrast, we conducted RGB laser speckle contrast measurements by varying the detection
range at intervals of 300 mm/700 mm/1100 mm/1500 mm/2000 mm/3000 mm while
maintaining a consistent experimental setup. The focus should be adjusted whenever there
is a change in observation distance. Accurate measurement of speckle contrast value is
only possible when the system is in focus. We had already adjusted the focus while testing
the speckle contrast as a function of viewing distance. A test pattern should be projected
onto a screen or the screen should be illuminated with an attached focus alignment pattern.
The test chart may be any pattern that can be used to adjust focus.

The obtained results are presented in Figure 10. The speckle contrast decreases as the
detection range increases, as demonstrated in Figure 11. This observation is consistent
with our theoretical calculations, which indicate that an increase in viewing distance leads
to a higher number of elements in the projection system and consequently results in a
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reduction in RGB laser speckle contrast. The speckle contrast becomes imperceptible when
the viewing distance exceeds 2000 mm.
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Figure 10. The experimental results demonstrate that the speckle contrasts of the RGB laser exhibit
variations in response to changes in the detection range.
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The value of M in the projection system also depends on the F-number and the focal
length of the detector lens. The speckle contrast of the RGB laser was measured while
varying the F-number of the detection lens, as illustrated in Figure 12. The increase in
the F-number of the detection lens leads to an increase in the value of M in the projection
system, resulting in a decrease in speckle contrast. The testing results exhibit excellent
agreement with our theoretical calculations, as depicted in Figure 13.

Photonics 2024, 11, x FOR PEER REVIEW 15 of 18 
 

 

Figure 11. The experimental results demonstrate that the speckle contrasts of the RGB laser decrease 
with increasing detection range. 

The value of M  in the projection system also depends on the F-number and the fo-
cal length of the detector lens. The speckle contrast of the RGB laser was measured while 
varying the F-number of the detection lens, as illustrated in Figure 12. The increase in the 
F-number of the detection lens leads to an increase in the value of M  in the projection 
system, resulting in a decrease in speckle contrast. The testing results exhibit excellent 
agreement with our theoretical calculations, as depicted in Figure 13. 

 
Figure 12. The experimental results demonstrate that the speckle contrasts of the RGB laser vary as 
a function of the F-number of the detection lens. 

Figure 12. The experimental results demonstrate that the speckle contrasts of the RGB laser vary as a
function of the F-number of the detection lens.



Photonics 2024, 11, 290 14 of 16

Photonics 2024, 11, x FOR PEER REVIEW 16 of 18 
 

 

 
Figure 13. The experimental and theoretical comparison of the impact of changing the F number on 
RGB laser speckle contrast. 

Figure 13. The experimental and theoretical comparison of the impact of changing the F number on
RGB laser speckle contrast.



Photonics 2024, 11, 290 15 of 16

4. Conclusions

The principle of speckle contrast in laser display and its influencing factors are inves-
tigated in this study through theoretical analysis. Furthermore, a formula for fitting the
speckle contrast of laser projection displays is derived by considering various influencing
factors. According to the speckle contrast formula, the speckle contrast in the laser projec-
tion display system is primarily determined by factors such as the light source’s wavelength,
spectral width, screen surface roughness, and incidence and observation angles, as well
as the number of independent speckle patterns, N, generated by diffuser rotation and the
number of resolution elements within one eye resolution element in the projector lens. The
speckle contrast diminishes progressively as the RGB spectral width expands, whereas it
amplifies with a lengthier wavelength under constant spectral width. When the surface
roughness exceeds the wavelength of the laser, the rough surface induces corresponding
random fluctuations in the phase of light due to its inherent random fluctuations. The
speckle contrast decreases as the surface roughness increases. The number of independent
speckle patterns N is primarily determined by the dynamic diffuse rotation frequency in
the projection system. However, beyond a certain threshold value of N, further increases
have minimal impact on speckle contrast. The number of resolution elements within
one eye resolution element in the projector lens depends on both the projection lens and
viewing distance. The number of resolution elements within one eye resolution element
in the projector lens is determined by both the characteristics of the projection lens and
the viewing distance. The decrease in the F-number of the projection lens or an increase in
viewing distance leads to an increase in the number of resolution elements within one eye
resolution element, resulting in a reduction in speckle contrast.

In the experiment, a projection engine was tested using the speckle contrast measure-
ment system provided by OXIDE. At a testing distance of 700 mm and with an F-number
of 41.7 for the detector lens, the RGB laser speckle contrasts were measured to be 9.1%,
7.3%, and 10.4%, respectively, which aligns well with the results obtained from theoretical
calculations. Meanwhile, the speckle contrast of the white field was also measured, yielding
a result of 5.6%. In accordance with the principles of color speckle calculation, the report
indicates that the relative brightness ratios of RGB on a white field are 22.1%, 70.3%, and
7.6%, respectively. The calculated speckle contrast for the white field is determined to
be 5.55%, which aligns with the experimental measurement of 5.6%. The experimental
results also demonstrate that the speckle contrasts of the RGB laser vary as a function of
the F-number of the detection lens and the detection range. This observation is consistent
with our theoretical calculations, which indicate that an increase in viewing distance or an
increase in the F-number of the detection lens leads to a higher number of elements in the
projection system and consequently results in a reduction in RGB laser speckle contrast.
The speckle contrast becomes imperceptible when the viewing distance exceeds 2000 mm
in our projection system.
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