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Abstract 

Laser beams are excellent projection sources due to their high brightness and color purity; 

however, their high coherence produces speckle noise, which reduces the clarity of images 

cast by compact projection systems. Existing suppression methods often require complex 

designs. Here, we propose a simple miniaturized speckle suppression structure (SSS) that 

consists of a low-absorption particle surface and a micro-vibrating unit. By generating and 

superimposing different speckle patterns over time, the structure simultaneously reduces 

both temporal and spatial coherence. A time-varying functional model was developed 

using a simulation to optimize its dynamic operation. The results of the experimental val-

idation show that at 50 Hz vibration, the speckle contrast decreases from 30.23% to 6.98%, 

closely matching the simulated prediction of 7.12% and outperforming static configura-

tions by 24%. The results indicate that the SSS is a straightforward, effective solution for 

enhancing the image quality of compact laser projection displays. 

Keywords: miniature laser projection displays; speckle suppression; particle surface;  

micro-vibrating structure; free-space optical paths 

 

1. Introduction 

Lasers are the most effective imaging sources in optical imaging systems due to their high 

brightness, wide color gamut, and high coherence [1–3]. For example, laser projection display 

technology has gradually emerged as the most important optical imaging system for displays 

[4–6]. Multiple scattering occurs when highly coherent laser light is reflected from a rough 

object surface. The scattering phenomenon produces phase-modulated wavefronts that inter-

fere with one another, which results in characteristic speckle patterns. These speckles obscure 

image details and consequently reduce resolution and imaging quality. Therefore, the pres-

ence of laser speckles negatively affects the performance of laser projectors. 

When laser projector systems evolve toward miniaturization, the negative impact of 

speckles on image quality becomes increasingly pronounced. In compact projection archi-

tectures, the optical path length, aperture size, and imaging distance are highly con-

strained, and the detector pixel size is finite. Under such conditions, speckle suppression 

is not governed solely by intrinsic laser coherence but is also strongly influenced by the 

combined effects of spatial coherence, temporal coherence, and detector sampling. As 

such, mitigating speckle noise is a critical requirement for improving the imaging accu-

racy and visual performance of miniaturized laser projection systems. 
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From a physical perspective, speckle contrast is determined by both spatial and tem-

poral coherence mechanisms, the statistical properties of which have been systematically 

established within the framework of statistical optics, particularly in the seminal works of 

Goodman, as well as in related studies [7]. Spatial coherence is primarily governed by the 

speckle grain size at the image plane, which depends on parameters including effective 

aperture, propagation distance, and scattering geometry. When the speckle grain size is 

as large as or larger than the detector pixel size, spatial coherence dominates the measured 

speckle contrast. However, when the speckle grain size is much smaller than the pixel 

size, the system operates in a detector-limited mode, where pixel averaging inherently 

suppresses the measured contrast. Notably, this detector-induced spatial averaging estab-

lishes a constant baseline imposed by the imaging system and does not change with ex-

ternal modulation parameters. 

Temporal coherence, in contrast, is influenced by the dynamic evolution of the 

speckle field within the detector exposure time and is controlled by factors such as the 

vibration frequency, exposure duration, and speckle correlation time τ_c [7]. When the 

speckle fluctuation timescale is much shorter than the exposure time, multiple statistically 

independent speckle realizations are integrated by the detector, achieving contrast reduc-

tion through temporal averaging. While these mechanisms are well understood in princi-

ple, theoretical analyses have largely been developed under idealized assumptions and 

have often neglected the coupled influence of practical system parameters under compact, 

angularly constrained configurations. In real projection systems, the combined effects of de-

tector averaging, a finite exposure time, and residual spatial coherence yield a system-de-

pendent residual speckle contrast floor, usually on the order of a few percentage points [8–

10]. This residual contrast does not represent a fundamental theoretical limit but, rather, the 

practical constraints imposed by the optical configuration and detection scheme. This effect 

indicates that effective speckle suppression in compact systems depends on coordinated 

spatial coherence control and temporal decorrelation, not complete speckle elimination. 

The literature has explored various scatter suppression techniques, which can be 

broadly categorized into reducing temporal, spatial coherence, or hybrid approaches that 

combine both. However, it is becoming increasingly difficult to focus on a single method 

to reduce the coherence of laser speckle. Therefore, many researchers have attempted to 

reduce speckle using low-coherence techniques by integrating temporal and spatial ap-

proaches. Optical-based methods produce uncorrelated speckle realizations through 

phase changing [11,12], microlens lens array (MLA) [13,14], multimode fiber [15], refrac-

tive optical element [16–18], scanning lenses [19], rotating scatterers [20,21], metasurface 

array [22,23], and diffractive optical element (DOE) [24,25]. The following methods can be 

used for miniaturized laser projectors. 

Chen et al. [13] developed a tunable liquid crystal MLA-for speckle reduction by dy-

namically modifying the angular distribution of the beam, achieving a speckle contrast 

reduction of 52%. Moreover, Cheng et al. [22] utilized a metasurface and microelectrome-

chanical system actuation to reduce speckle contrast from 8.62% to 2.63%. Furthermore, 

Liang et al. [26] employed a vibrating DOE to reduce speckle contrast from 67.67% to 

13.78%. Similarly, Le et al. [27] reported an ultrathin flexible DOE, achieving an approxi-

mately 10% speckle reduction for a red laser. Additionally, Ao et al. [28] used a double-

sided fly-eye lens and focusing lens, reducing the subjective speckle contrast to 19.13%. 

Tong et al. [29] proposed polarization-based approaches using linear grating polarizers to 

disrupt spatiotemporal coherence, achieving a speckle contrast reduction from 0.59 to 

0.38. In sum, although these approaches effectively reduce speckle through angle diver-

sity, spatial homogenization, or temporal averaging, their performance in compact laser 

projection systems is often limited by uncontrolled angular energy redistribution, bulky opti-

cal paths, or the saturation of speckle suppression under a limited exposure time and a 
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restricted field of view (FOV). Therefore, achieving stable low-speckle performance under 

simultaneously constrained angular FOV and compact system architecture remains challeng-

ing. 

To address this issue, a spatiotemporal composite speckle suppression structure 

(SSS) was proposed in this study to achieve low speckle in a small angular range in min-

iaturized laser projectors. We designed the arrangement of scattering micro-particles 

based on a dielectric constant gradient and deposited them onto a thin film accordingly. 

Then, the scattering elements were bonded to the structure’s vibrating surface using an 

acrylate polymer in the film, and external frequency signals drove the motion of the vi-

brating surface. The gradient arrangement of the scattering micro-particles enables direc-

tional control of the laser in a specific angular range. In addition, the scattering particles 

on the scattering surface acted as secondary light sources and reduced the spatial coher-

ence of the laser. During the motion of the micro-vibratory structure, the scattering parti-

cles overlap in the exposure time, which reduced the temporal coherence of the laser. In 

this study, we also investigated the speckle contrast of small laser projectors and the mech-

anisms for reducing speckle. Based on SSS, we established a simulation model for calcu-

lating the dynamic speckle contrast of micro laser projectors. The optimal parameters of 

the composite speckle suppression method and the test optical device were determined 

using a simulation analysis. To verify the method’s performance, we established a physi-

cal test setup (Nathan optical setup for projection display) and demonstrated a significant 

reduction in speckle noise. 

2. Basic Principles 

The SSS in this paper consisted of a particle surface and a micro-vibratory structure, 

and Figure 1a shows the corresponding propagation geometric optical path. A collimated 

laser beam with wavelength λ is incident on a particle scattering surface with length l. 

When an external vibration frequency f was applied, the designed scattering surface, 

guided by the micro-vibration structure, periodically moves along the β-axis at velocity 𝑣. 

After being scattered by the vibrating particle scattering surface, the laser beam forms a 

speckle pattern on the observation plane at distance z. The dashed region in Figure 1a 

represents the vibration direction of the particle-scattering surface, and its detailed motion 

process is shown in Figure 1b. 

 

(a) 
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(b) 

Figure 1. Optical path and motion in the vibrating particle scattering device. (a) Geometric optical 

path in the vibrating particle scattering device. (b) Motion of the vibrating particle scattering device 

under external frequency signal. 

According to the fundamental theory of speckle formation, the speckle reduction 

mechanism primarily depends on decreasing the temporal coherence and spatial coher-

ence of the laser. In this work, the designed particle surface homogenizes the laser spot 

size through particle scattering. Figure 2a shows and compares the laser spot directly 

emitted and the spot emitted after particle scattering. According to the Nyquist sampling 

theorem [30], when multiple speckle grains generated by particle scattering are simulta-

neously integrated in a single detector pixel, a pixel-level spatial averaging effect is intro-

duced, which effectively reduces the measured spatial coherence of the speckle field [10]. 

The micro-vibration structure designed in this study enhances the speckle pattern 

within exposure time T by introducing vibrations. Figure 2b shows a comparison of the 

speckle pattern intensity distributions with and without the micro-vibration structure. Us-

ing pattern superposition, we increased the diversity of speckles captured in a single ex-

posure frame. This process induces a time-averaging effect on the speckle, which de-

creases the temporal coherence. The SSS simultaneously reduces speckles in both tem-

poral and spatial dimensions to enhance the imaging quality while preserving high clarity 

in the displayed image. Besides the pixel-level spatial averaging illustrated in Figure 2a, 

the spatial coherence of the scattered field can also be interpreted from an angular-domain 

perspective. To further clarify the role of the spatially varying effective refractive index, 

Figure 2c conceptually illustrates the gradient-enabled effective-medium layer and its ef-

fect on angular-domain energy redistribution. Through the introduction of a controlled 

gradient in particle density, a spatially varying effective refractive index 𝑛eff(𝑥) forms at 

the macroscale, which changes the statistical weighting of scattering events. Consequently, 

the scattered energy is preferentially redistributed within a limited angular range (±30°), 

achieving an enhanced angular consistency and improved optical efficiency for small-FOV 

micro-projection systems. Note that the illustrated 𝑛eff(𝑥) profile is schematic and aims to 

highlight the design principle rather than represent measured refractive-index data. 
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(c) 

Figure 2. Mechanism of low spatio-temporal coherence in the vibrating particle scattering device. 

(a) Reduction in spatial coherence by micro-particles via spatial averaging at the pixel level. (b) 

Temporal coherence reduction via micro-vibration-induced speckle superposition within the ex-

posure time. (c) Conceptual illustration of a gradient-enabled effective-medium scattering layer 

and its effect on angular-domain energy redistribution, demonstrating controlled confinement of 

scattered energy within a small field of view. (orange arrow: direction of increasing Particle den-

sity (graded packing). Blue dots: representative particles (schematic). Gray background gradient: 

conceptual density gradient/effective-medium variation. Inset line: conceptual 𝒏𝐞𝐟𝐟(𝒙) (sche-

matic, not experimental). Gray shaded region (right): small ±θFoV. Dashed line: conceptual target 

profile for comparison (schematic)). 

When the SSS experiences a periodic reciprocating motion along the β-axis, the phase 

of each scattering particle changes upon laser illumination. The externally applied random 

vibration frequency modulates the velocity of motion, as illustrated in Figure 1b. In one 

reciprocating period (tstart-tmiddle-tend), the laser beam continuously irradiates the particle 

scattering surface, where the light coverage area is denoted as l × l. Specifically, the particle 

scattering surface is divided into two regions, which alternately switch positions under 

the applied frequency to ensure persistent optical coverage on the upper scattering region 

throughout the motion cycle. This macroscopic periodic modulation creates a dynamic 

scattering phase grating effect, where the time-dependent positional permutation of scat-

tering elements introduces controlled phase modulation to the transmitted wavefront. The 

resultant spatiotemporal modulation of scattering parameters enables programmable ma-

nipulation of light-matter interactions while preserving the beam collimation integrity. 

From a macroscopic perspective, over one complete cycle, the motion process of the par-

ticle scattering surface is 

2
s

v lf
t

= =
, 

(1) 

where ˉv is the mean oscillation velocity of the scattering surfaces across varying vibrational 

frequencies, and l is the characteristic length of the laser-irradiated scattering region. 

This configuration induces an amplitude random walk phenomenon at each obser-

vation point on the detection plane, which causes time-dependent intensity fluctuations 

in the speckle pattern. To systematically investigate the speckle suppression effect of the 

SSS, the most crucial method was to analyze its spatiotemporal correlation function. 

To comparatively analyze the speckle suppression efficacy between systems with 

and without the SSS, we conducted a temporal coherence function analysis for points m 

and n in Figure 1a. Here, the α–β plane represents the particle scattering surface, and the 

x–y plane denotes the detection surface. When the laser is vertically irradiated onto the 
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particle scattering surface, the relationship between the moving particle scattering field 

and the received field is [10] 

( ) ( ) ( ) ( ), 2

0, , , , dj lft
A x y t k x y a e d d

 
     

+ +  −

− −
= + +  , 

(2) 

where A is the amplitude, a0 is a constant, and Φd is the phase introduced by the particle 

scattering surface. 

Phase distribution Φd of the particle scattering surface in the designed device is es-

sentially related to the scattering intensity distribution Isca and wavelength-dependent 

scattering efficiency Qsca as follows: 

( )
( ) ( ) Δ ( )topoi d

d sca sca vibarg I d Q e t


  =   + 
  , 

(3) 

where ϕtopo(d) is the baseline phase modulation from the surface topography, and 

( )
2

vib t vt



 =

 is the dynamic phase shift induced by vibration. 

Scattering efficiency Qsca follows Mie’s theory [31]: 

2 2

2
1

2
(2 1)(| | | | )sca n n

n

Q n a b
k



=

= + +
, 

(4) 

where an and bn are Mie coefficients determined by the particle size and refractive index 

contrast. 

When Qsca reaches its peak, Mie resonance enhancement occurs, which affects the 

distribution of the spatial coherence length: 

2 2(2 1)(| | | | )
c

n nn

l
n a b




+ +
, 

(5) 

where lc is the spatial coherence length. 

The dependency relationships in Equations (3)–(5) ensure the final phase distribu-

tion. This process encodes both structural scattering characteristics and dynamic modula-

tion effects. Consequently, by adjusting the geometric parameters of the particles and dy-

namically modulating the vibration frequency, one can effectively control the statistical 

properties of the speckle pattern. 

By systematically analyzing the spatial coherence properties of a speckle field, the 

time-delay response relationship between an observation point m and a reference point n 

in the speckle field can be established. When point n in the speckle field is considered the 

corresponding observation position of point m after time delay τ, its temporal autocorre-

lation function is as follows: 

( )1 2 21 ( , 2 )( , 2 )2

1 1 2 2 0 1 2 1 2( ) ( , ) ( , ) | | dd j lf tj lf
R k k a e e d d d d

       

   
        

+ + + + −  − + −

− − − −
=     , 

(6) 

where ⟨⋅⟩ denotes the ensemble average. 

When the spatial coordinates of point m are ( )0,0
 , the coherence time τc between 

points m and n is 

( ) ( ) ( )
( ) ( ) ( )

2

0,0, 0,0,

0 0,0, 0,0,
c

A t A t
d

A t A t

  
 


+

−

 − + +
=

 −
 , (7) 

where 
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( , 2 ( ))

0

( , 2 )

0

( , 2 ( ))
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0
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(0,0, ) ( , ) ( , )

(0,0, ) ( , ) ( , )

(0,0, ) ( , ) ( ,

d

d
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j lf t

j lft

j lf t

A t k a e d d
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−
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=
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=

 

 

 

 
( , 2 )

) dj lft
e d d

   −  −









 . 

(8) 

To approximate the scattering characteristics of a randomly rough surface in practical 

scenarios, the spatial distribution of the amplitude k(α1,β1) k*(α2,β2) in Equation (7) is the 

autocorrelation function Rk(α1-α2,β1-β2) of the amplitude point spread function of the par-

ticle scattering surface. According to Fourier optics [32], when the CCD photosensitive 

surface of the imaging system is circular, the autocorrelation function of the correspond-

ing amplitude point spread function can be approximated as 

( )
( )

( )

2 2

1

2 2

2

,k

J D z

R
D z

   
 

   

  + 
  

  
 + 

, 

(9) 

where J1 is the first-order Bessel function, D is the exit pupil aperture of the imaging sys-

tem, λ is the wavelength of the incident light, and z is the distance from the rough surface 

to the imaging plane. 

Assuming that phase distribution Φd follows a Gaussian random field with zero 

mean, its statistical properties can be fully characterized by standard deviation σd and 

overall autocorrelation length rd. Then, the coherence time τc of Equation (7) can be ap-

proximated as 

2

4

3
c

z

lfD







. 
(10) 

The inherently stochastic nature of speckle phenomena necessitates the application 

of statistical optics principles for comprehensive characterization. 

To systematically evaluate the speckle suppression performance of the SSS, we define 

the normalized dynamic speckle contrast as the ratio between dynamic and static speckle 

contrasts 

1 2
2

0

16
= 1 3

3

d c

c

c c

C vT lf zT
D l

C l T D l

 




−

  
 +  + 
   



, 

(11) 

where C0 is the static speckle contrast, v  is the vibration velocity of scattering surfaces, lc is 

the spatial coherence length from Equation (5), τc is the temporal coherence time defined in 

Equation (10), λis the incident wavelength, z is the distance from the rough surface to the im-

aging plane, l is the length of the particle scattering surface, f is the random vibration fre-

quency, D is the exit pupil aperture of the imaging system, and T is the exposure time. 

The moving distance of the particle scattering surface affects the temporal integration 

of the speckle field, which affects the speckle contrast and visibility. This moving distance 

depends on the imaging system distance and characteristics of the rough surface. The the-

oretical equation for the temporal integration of the speckle is Equation (12) [10]: 

( )( )
( ) ( )

( )

1

2 2

1
1

22 0
2 1

T

T A

vT
J xR d z D

M x dx
vTK P d

x
z D

  

  



−



−



−

          
= = −   

    
       





, 

(12) 
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where RT(τ) is the temporal weighting function, KT(τ) is the autocorrelation function of RT(τ), 

and M is the number of theoretical degrees of freedom in time-integrated speckle scattering. 

The speckle suppression effect (C) of the system can be approximated as 

1IC
MI


= =

, 
(13) 

where σI is the standard deviation of the speckle pattern intensity, and I  is the mean 

intensity of the speckle pattern. 

To systematically investigate the incoherent superposition of intensity patterns from 

moving scattering surfaces, we established a quantitative relationship between the num-

ber of uncorrelated frames (N) and the vibration frequency (f): 

2

2

3 1

4

1 3 1

4

c

c

T T lfD
T

z f
N

lD
T

f z f



 



 

  
   

  
= 

 
     

，

，

, 

(14) 

where T is the exposure time, and τc is the coherence time. 

As analyzed by Equation (14), vibration frequency f is correlated with exposure time 

T. When f increases, the number of uncorrelated speckle patterns N superposed within T 

increases. When T exceeds the rotational period 1/f, N becomes independent of the fre-

quency, and the suppression effect of frequency approaches saturation. For sufficiently 

large N (typically N ≥ 10), the speckle contrast in Equation (13) must be modified by intro-

ducing a stochastic scaling constant k  to account for this saturation phenomenon. 

1 1 2

3

cI z
C

I kT klfDTM N

 


= =  = = . (15) 

Equation (15) describes the speckle reduction mechanism in surface scattering in a 

free-space optical path. We developed a model to characterize the speckle formation in 

free-space optical paths. The effects of the geometric parameters, vibration frequency, and 

imaging distance of the scattering surface on the speckle suppression were investigated. 

Finally, these simulation results were experimentally validated to evaluate the speckle 

suppression effectiveness. 

3. Simulation of the Effect of Key Parameters on Speckle Suppression 

3.1. Effect of Different Parameters of a Single Particle on the Scattering Phase Angle 

To simulate the influence of different parameters of a single particle on the scattering 

phase angle, based on the Mie scattering theory [31], we simulated the scattering distribu-

tion of a single particle using MATLAB R2024b. 

The scattering phase angle of a single particle is affected by several key parameters: 

the particle diameter, wavelength, and refractive index. To enhance the clarity of the 

speckle pattern, the scattering particles should have high transmittance with no or mini-

mal absorption in the surrounding environment. Therefore, spherical microparticles made 

of polymethyl methacrylate (PMMA) were selected. 

According to Mie scattering theory, the scattering efficiency of PMMA particles var-

ies with the wavelength due to the changing interaction between incident light and the 

particle. As Figure 3 shows, the scattering particles exhibit relatively stable scattering effi-

ciency across the wavelength range of 0.4–0.6 μm with a refractive index of 1.49. The scat-

tering efficiency Qsca maintains a near-constant value of 2.08 0.03  in this range. In Fig-

ure 3, Qsca greatly increases for wavelengths beyond 0.6 μm, which is consistent with the-

oretical predictions from the Mie scattering formalism. At the target wavelength of 0.65 
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μm, scattering efficiency Qsca and forward scattering intensity I(0°) depend on particle size 

r, as is numerically demonstrated in Figure 4a. The red curve is the light intensity distri-

bution I1 in the perpendicular scattering plane; the blue curve is the light intensity distri-

bution I2 in the parallel scattering plane. 

 

Figure 3. Wavelength dependence of scattering efficiency and refractive index for polymethyl meth-

acrylate particles. 

 

(a) 

 

(b) 

Figure 4. Scattering intensity and efficiency versus particle size. (a) Scattering intensity profiles ver-

sus particle size. (b) Scattering efficiency profiles versus particle size. 

As the polar plot of Figure 4a shows, increasing the particle diameter enhances the 

forward-scattering dominance, where both orthogonal polarization components converge 
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toward the 0° direction. For PMMA particles with a diameter of 100 μm (radius r = 50 μm), 

the angular scattering profile had a pronounced forward lobe (FWHM < 30°), where the 

normalized intensity at 0° was Imax = 7.6 × 105, which is significantly larger than the ob-

served values for smaller particles (Figure 4a). This strong forward-scattering concentra-

tion aligns with the Fraunhofer diffraction condition (the theoretical limit for r = 50 μm, λ 

= 650 nm): 

°0.4FWHM
r





 =

. 
(16) 

Figure 4b reveals the oscillatory behavior in scattering efficiency (Qsca) with increas-

ing particle size, which stabilizes near Qsca=2.02±0.05 particles with radii r ≥ 50 μm (diameters 

d ≥ 80 μm). In incoherent imaging systems, the particle size critically modulates the spatial 

scattering distributions and coherence characteristics. To optimize the imaging quality, 

we aim to balance between enhancing the spatial scattering efficiency and reducing the 

coherence. Thus, the impact of particle size on the spatial scattering characteristics and 

coherence must be considered. This balance can be achieved by strategically integrating 

speckle-generating particles and optimizing the coherence area. Based on the analysis re-

sults from Figure 4, PMMA particles with a diameter of 100 μm were selected for use with 

650 nm wavelength light since they exhibit strong forward scattering characteristics. 

3.2. Effect of the Scattering Surface Parameters on the Speckle Field 

The statistical and structural properties of the scattering surface play a crucial role in de-

termining the characteristics of the speckle field. Equation (10) analyzes the effect of particle-

formed Gaussian rough surfaces on the speckle coherence time. The most critical parameters 

are the standard deviation σd and overall autocorrelation length rd. Based on the work of Wang 

et al. [31], this study required more than 90% completely incoherent forward-scattered light 

energy. Assuming a uniform particle distribution with stacking effects, the PMMA particle 

concentration on the 800 × 800 μm substrate should be set to 4 µm−2. 

Figure 5 shows the relationship between the particle size, rough surface coherence 

length, and autocorrelation function of the particle scattering surface. The horizontal (d1) 

and vertical (d2) autocorrelation lengths determine the overall autocorrelation length (rd) 

of the surface. 

 

(a) (b) 

 

(c) (d) 

Figure 5. Coherence length and autocorrelation function versus particle size for rough surfaces (the 

particle concentration was 4 μm−2). (a) Polymethyl methacrylate (PMMA) particle diameter of 10 
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μm. (b) PMMA particle diameter of 50 μm. (c) PMMA particle diameter of 100 μm. (d) Autocorre-

lation profiles. 

In Figure 5, the coherence length varies with increasing PMMA particle size. There is 

a positive correlation between the particle size and the coherence length of the rough sur-

face. Compared with Figure 5a–d, the diameters of particles are higher, the contour of the 

autocorrelation function for the particle scattering surface is flatter, and the peak value is 

lower. The simulations indicate that at a particle concentration of 4 μm−2, the surface 

decorrelation is optimal for PMMA particles with a size of 100 μm. Based on Figure 6, the 

effect of different particle concentrations on the roughness of the particle scattering sur-

face was further analyzed. 

 

Figure 6. Three-dimensional distribution and normalized surface profiles versus particle concentration. 

The standard deviation σd of the scattering surface varies with different particle con-

centrations. When the particle concentration per unit area increases, the standard devia-

tion σd of the rough surface increases, which roughens the surface profile. The cases in 

Figure 6 had particle concentrations of 2 μm−2, 3 μm−2, and 4 μm−2, where the surface 

standard deviation increases with higher particle concentration. When the particle con-

centration is 4 μm−2, the corresponding surface standard deviation is 0.0025. Based on the 

results from Figures 5 and 6, the effect of different roughness values and coherence lengths 

on the speckle field correlation function was investigated, as shown in Figure 7. 

 

Figure 7. Speckle correlation versus particle coherence length and surface variance. 
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Figure 7 analyzes key parameters that affect the correlation of the particle scattering 

field: overall autocorrelation length rd and standard deviation σd of the surface. A longitu-

dinal comparison uses data points of identical colors but different shapes. It examines the 

effect of the surface variance (σd2) on the temporal autocorrelation of the speckle field. When 

σd2 increases, the temporal autocorrelation more quickly decays, which causes a quicker re-

duction in speckle pattern correlation. Increased surface roughness enhances the scattering 

component of the laser, which intensifies scattering and weakens the correlation. 

A horizontal comparison uses data points of different colors but identical shapes. It eval-

uates the effect of the overall autocorrelation length rd on the temporal autocorrelation of the 

speckle field. Smaller (d1, d2) values cause a more pronounced decay in the temporal autocor-

relation R(τ). Reducing the autocorrelation length of the rough surface amplifies the speckle 

intensity after scattering from PMMA particles, which accelerates the decline in speckle pat-

tern correlation. The results in Figure 7 are consistent with the conclusions in Figure 5. 

3.3. Effect of the System Parameters on the Speckle Suppression 

The speckle suppression effect (C) of the system is critically affected by the exit pupil 

aperture (D) and imaging distance (z), as derived from the decoherence analysis of particle 

scattering surfaces (Equation (15)). These parameters modulate the autocorrelation func-

tion of the amplitude point spread function (Rk) and consequently govern the temporal 

autocorrelation (R(τ)) characteristics of the speckle field. Figure 8 systematically quantifies 

these relationships through numerical simulations. 

 

Figure 8. Temporal autocorrelation of speckle versus aperture at various distances. 

In the measurement of subjective speckle, the exit pupil aperture of the imaging sys-

tem affects the speckle grain size on the image plane [33]. Specifically, according to the 

study by Roelandt et al. [9], the average area of speckle grains can be calculated as follows: 
2 22

2

4

Ω

A
c

L

F
A

D




= =

, 
(17) 

where ΩL is the solid angle subtended by the exit pupil of the camera lens at the image plane; 

λis the central wavelength of the incident laser; D is the exit pupil aperture of the imaging 

system; and FA is the distance between the aperture stop and the photosensitive chip, which 

is approximately equal to the focal length of the front imaging lens of the camera. 

According to the Nyquist sampling theorem [30], the pixel size of the detector should 

be at least twice the area of the speckle grains. Based on this analysis, the selection of the 

imaging distance and aperture is closely related to the characteristics of the detector. To 

achieve high-resolution imaging, this study selected a 5-megapixel camera, model MV-
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SUA502M, which was manufactured by Mightex (North York, ON, Canada). The CCD 

chip of the camera had a resolution of 2592 × 1944 with a pixel size of 2.2 × 2.2 μm2. This 

camera was equipped with an f8 focal length lens for imaging, and the exit pupil diameter 

of the imaging system was 6 mm. When the laser wavelength was 650 nm, the average 

area of the speckle grains was 0.24 μm, which is much smaller than the pixel size of 2.2 

μm the camera. The fast decorrelation imaging distance that corresponded to this aperture 

was approximately 140 mm. 

3.4. Effect of the Theoretical and Practical Speckle Degrees of Freedom on the Speckle Contrast 

In a speckle suppression analysis, there is an approximate proportional dependence 

between the free parameter that governs the ideal speckle contrast (M) and the corre-

sponding parameter in our proposed functional model (N). The determination of these 

parameters is intrinsically linked to the external vibration frequency (f ) analyzed in Figure 

9. From Equations (14) and (15), to quantitatively characterize the relationship between M 

and N, we introduced a frequency-independent stochastic scaling constant k. This param-

eter is not a fitting variable but represents an effective reduction in the number of statisti-

cally independent speckle realizations caused by a finite exposure time, detector averag-

ing, and device-specific motion constraints. 

 

(a) 

 

(b) 

Figure 9. Trend consistency between the ideal Goodman model and the frequency-dependent re-

sponse of the speckle suppression structure. (a) Ideal speckle contrast predicted by the Goodman 

integral model as a function of the normalized displacement parameter vTD/λz. (b) Frequency-de-

pendent scaling behavior of the proposed speckle suppression structure, shown as a frequency-in-

dependent scaling envelope derived from Equation (15). 

According to Equations (12) and (15), the theoretical speckle contrast is C=1/M1/2. When 

the approximate image resolution scale (λz/D) in the imaging system remains constant, the 

speckle contrast decreases with increasing displacement distance (vT) of the rough surface. 

Thus, an increase in rough surface motion velocity decreases the speckle contrast. 
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In comparison with the theoretical analysis, the actual speckle contrast C decreased 

with an increase in externally applied frequency f, as shown in Figure 9b. Although the 

absolute contrast values differ from the ideal Goodman prediction, the downward trend 

is consistent with the theoretical expectation. When C decreases, achieving M ≈ kN re-

quires an increase in the externally applied frequency f of the PMMA rough surface. 

To achieve a decrease in speckle contrast C with increasing scaling factork, it is nec-

essary to increase the required vibration frequency f of the PMMA rough surface. How-

ever, increasing frequency f does not always improve the performance since its optimal 

range is ultimately constrained by the exposure time T. According to the analysis of Equa-

tion (14), the frequency-dependent speckle contrast requires the corresponding frequency 

and exposure time to satisfy the relationship of 1/f ≥ T. 

4. Experiment and Results Analysis 

Based on the selected parameters from the simulation results in the previous section, 

an experimental apparatus was setup as shown in Figure 10. The incident laser had a 

wavelength of 650 nm and consisted of a collimated and expanded light source. 

The SSS was fabricated by integrating a high-transmittance viscous polymer film be-

tween the particulate scattering surface and a micro-vibration structure. The scattering 

surface consisted of randomly distributed PMMA particles with a controlled diameter d = 

100 μm, and the minimum achievable surface roughness scale (dictated by practical con-

straints of the micro-vibration structure aperture length) was lmin = 4 × 4 mm. The distance 

from the SSS to the imaging screen was z = 140 mm. The camera had a CCD chip with a 

resolution of 2592 × 1944 and a pixel size of 2.2 × 2.2 μm2, and it was equipped with an 

M12-f8 focus imaging lens. Considering the integration time of the human eye, the expo-

sure time was set to 20 ms [34]; according to Equation (14), the maximum frequency that 

affected the scattering contrast reduction was 50 Hz. 

 

(a) 

 

(b) 

Figure 10. Experimental optical path diagram for speckle suppression in miniaturized laser projec-

tors using speckle suppression structure (SSS). (a) Theoretical optical path diagram. (b) Experi-

mental optical path diagram. 
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Figure 10b shows the SSS depicted in the lower-left quadrant, which incorporated a 

high-transmittance viscous polymer film with transmittance > 95% across the visible spec-

trum (400–700 nm). The viscosity of the adhesive film had minimal variation (<2% relative 

change) under vibrational excitation frequencies of 0–50 Hz. 

A function generator drove the system with a cosine waveform (amplitude range: ±5 

V; frequency range: 0–50 Hz) to modulate the translational velocity of the PMMA scatter-

ing surface of the SSS along theβ-axis. This velocity modulation directly governed the 

speckle suppression effect C. 

To investigate the impact of the particle concentration on the surface roughness sta-

tistics, two scattering surfaces with identical particle concentrations (3.2 × 103 parti-

cles/mm) but distinct spatial distributions were fabricated (Figure 11). 

 

Figure 11. Evolution of autocorrelation functions for scattering surfaces with distinct spatial distributions. 

In Figure 11, surface 1 exhibited faster autocorrelation decay (R1>R2), which indicates 

that it was rougher than scattering surface 2. According to the simulation results in Section 

3.2, increased surface roughness corresponds to greater surface variance fluctuations, 

which leads to a more complex speckle intensity distribution and a faster decorrelation 

process. In the experimental stage, PMMA scattering surface 1 was selected for experi-

mental validation due to its superior speckle suppression potential. 

To validate the speckle suppression effect of the SSS, we primarily analyzed the 

changes in speckle patterns before and after vibration was introduced. When the applied 

frequency increased, speckle patterns with varying light intensity distributions were col-

lected, as shown in Figure 12a–g. All speckle images were acquired under identical optical 

configuration, camera, magnification, and exposure conditions. Therefore, the detector-

induced spatial averaging effect remains unchanged throughout the measurements. 

Under collimated laser illumination without the SSS, the measured speckle contrast 

on the projection screen is 30.23%, corresponding to a detector-limited speckle contrast 

imposed by the finite pixel size of the imaging sensor. With SSS introduced and driven at 

increasing vibration frequencies, the measured speckle contrast decreases from 22.10% at 

0 Hz to 6.98% at 50 Hz. This pronounced frequency-dependent reduction indicates an ad-

ditional decorrelation mechanism beyond the detector-limited baseline. 

Note that the proportional factor k introduced in the previous model represents an 

effective statistical factor considering the combined influence of a finite exposure time, 

detector spatial averaging, and device-specific motion constraints, which together reduce 

the number of statistically independent speckle realizations. To clearly distinguish meas-

urement-system effects from physical speckle suppression mechanisms, we explicitly sep-

arated the contribution associated with the detector and imaging chain and denoted it as 

βdet. Accordingly, the measured speckle contrast can be expressed as 

det physC C=  , (18) 
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where βdet represents the detector transfer factor determined by pixel averaging, the finite 

fill factor, and the imaging chain. Under the same camera, magnification, and exposure 

conditions, βdet can be viewed as approximately constant or weakly varying. Cphys denotes 

the physical statistical averaging effect introduced by the SSS, which primarily comes 

from vibration-induced temporal decorrelation. 

To quantitatively assess the influence of detector averaging, we performed a pixel 

binning-based numerical analysis as a reference for βdet, as shown in Figure 12h. The re-

sults show that detector-induced spatial averaging, governed by pixel integration and the 

imaging chain, acts only as a constant scaling factor under fixed detection conditions and 

cannot account for the observed frequency-dependent contrast reduction. Therefore, the 

contrast decrease shown in Figure 12a–g is primarily attributed to the vibration-induced 

speckle decorrelation introduced by the SSS rather than by detector effects. 

 

 

(h) 

Figure 12. Speckle patterns at different vibration frequencies and detector-limited speckle contrast 

behavior. (a) Speckle patterns without the SSS. (b–g) Speckle patterns with the SSS. The frequencies 

are 0–50 Hz with intervals of 10 Hz. The corresponding measured speckle contrast values are shown. 

(h) Raw speckle contrast as a function of the pixel binning factorb, illustrating the effect of detector 

spatial averaging (βdet). All measurements were taken under identical optical configuration, camera, 

magnification, and exposure conditions. 
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While Figure 12 illustrates a clear frequency-dependent contrast reduction, it is nec-

essary to further clarify the spatial correlation scale of the measured speckle patterns to 

differentiate between scattering particle size and speckle size on the detector plane. To 

this end, we introduced a quantitative characterization based on the autocorrelation func-

tion (ACF). The corresponding correlation radii rFWHM and r1/e, defined as the radii at the 

full width at half maximum and the 1/e decay of the ACF, respectively, were extracted in 

units of pixels (px) and are shown in Figure 13a for the raw speckle ACFs and Figure 13b 

for the bandpass ACFs. 

 

(a) 

 

(b) 

Figure 13. Autocorrelation function (ACF) analysis of speckle spatial correlation scales at different 

vibration frequencies. (a) Two-dimensional autocorrelation functions (RAW ACFs) of the raw 

speckle images and the extracted spatial correlation radii. (b) Two-dimensional autocorrelation 

functions (bandpass ACFs) of bandpass-filtered speckle images and the corresponding spatial cor-

relation radii. 

As Figure 13 illustrates, the speckle correlation length on the detector plane spans 

multiple pixels rather than being far below a single pixel, demonstrating that the meas-

ured speckle patterns are not dominated by deep sub-pixel sampling effects. This outcome 
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verifies that the system does not operate in an extreme undersampling regime in which 

temporal averaging will become ineffective. Rather, the temporal decorrelation induced 

by vibration can still play a major role in reducing speckle contrast under the present de-

tector-limited conditions. 

Based on the spatial correlation analysis, we further quantified the vibration-induced 

statistical decorrelation of speckle patterns by evaluating the similarity between speckle 

images acquired at different excitation frequencies, as depicted in Figure 14. Zero-mean 

normalized cross-correlation (ZNCC) were employed as complementary similarity met-

rics. Figure 14a shows the ZNCC between the speckle pattern acquired at frequency f and 

the 0 Hz baseline, calculated within a fixed region of interest of 160 × 160 pixels. As the 

applied vibration frequency rises from 0 to 50 Hz, the ZNCC value decreases monoton-

ically, implying a progressive loss of statistical similarity between speckle realizations. To 

further visualize this decorrelation behavior, Figure 14b presents two-dimensional ZNCC 

maps as a function of spatial displacement (Δx, Δy) between the 0 Hz reference and 

speckle patterns acquired at different vibration frequencies. At 0 Hz, a pronounced corre-

lation peak is seen at zero displacement. With increasing vibration frequency, the correla-

tion peak is progressively suppressed and broadened, and its peak amplitude falls from 

unity to approximately 0.67 at 50 Hz. This suppression of the central correlation peak di-

rectly evidences the vibration-induced temporal decorrelation of the speckle field. 

 

(a) 

 

(b) 

Figure 14. Correlation analysis of speckle patterns under different applied vibration frequencies. (a) 

Zero-mean normalized cross-correlation (ZNCC) between speckle patterns acquired at frequency f 

and the 0 Hz baseline, calculated over a fixed region of interest (ROI) indicated by the red boxes 
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(160 × 160 pixels) in the inset images. The blue curve represents the zero-shift ZNCC value, charac-

terizing the statistical similarity within the same spatial region. (b) Two-dimensional ZNCC maps 

as a function of spatial displacement (Δx, Δy) between the 0 Hz reference speckle pattern and those 

acquired at 10–50 Hz. The red dot marks the zero-displacement (Δx = 0, Δy = 0) correlation peak, 

whose value corresponds directly to the ZNCC values plotted in (a). 

Notably, the correlation does not disappear completely within the studied frequency 

range, reflecting the practical constraints imposed by finite exposure time, detector spatial 

averaging, and limited mechanical displacement. These factors collectively yield a system-

dependent residual correlation level, which exists as a residual speckle contrast floor un-

der the present optical and detection conditions. This behavior aligns with prior research 

on laser projection and display systems [8–10], where residual speckle contrast on the or-

der of several percent has commonly been observed. Therefore, the saturation of speckle 

contrast at approximately 6–7% in this work should be viewed as a system-level limitation 

determined by temporal integration, detector sampling, and mechanical modulation effi-

ciency, not a fundamental limitation of the proposed SSS mechanism. Moreover, the con-

sistent trends observed in Figures 12–14 together confirm that the dominant speckle sup-

pression derives from vibration-induced temporal decorrelation, while the remaining 

contrast is dictated by the measurement and modulation constraints of the compact pro-

jection system. 

Finally, the performance of the proposed SSS was compared with representative 

speckle suppression approaches, as shown in Table 1. Under the present optical configu-

ration and detection conditions, the proposed scattering device achieves a comprehensive 

spatiotemporal coherence reduction, resulting in a measured speckle contrast of approxi-

mately 6.98%. Note that this value reflects a system-level performance floor, limited by a 

finite exposure time, detector sampling, and practical mechanical modulation; that is, it is 

not a fundamental limitation of the proposed SSS mechanism. 

Notably, the proposed SSS shows distinctive advantages under small-angle imaging 

conditions, which are extremely relevant to compact laser projection systems. As shown 

in Table 1, existing approaches are typically optimized for near-axis or moderate angular 

configurations and do not overtly control angular energy redistribution within a defined 

FOV. In contrast, the proposed method is overtly optimized for a small FOV of ±30°, 

within which the speckle contrast variation stays below 2%. This result indicates that the 

proposed approach effectively addresses the important trade-off between speckle sup-

pression and angular efficiency, making it suitable for compact and dynamically adapta-

ble laser projection architectures. 

Table 1. Comparison of different speckle suppression methods and their effects. 

Method Angular Imaging Range (FOV) C Advantages Limitations 

Ref. [12] Limited FOV (typically < ±10°) 0.13 
Electrically tunable focal length; 

flexible beam shaping 

Sensitive to tempera-

ture  

Ref. [25] 
Near-axis illumination, small- 

angle configuration 
0.10 

High imaging clarity; light-

weight and portable 

Complex process and 

limited materials 

Ref. [26] 
Moderate FOV enabled by the fly- 

eye lens (±15°–20°) 
0.1913 

Effective spatial homogeniza-

tion 

Optical path complex-

ity 

Present study 
Small FOV explicitly optimized 

(±30°) 
0.0698 

Compact structure; controlled 

angular scattering; stable per-

formance within the FOV 

Residual speckle lim-

ited by system averag-

ing 
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5. Conclusions 

This study presented the SSS, which enables microdisplay imaging within an angular 

range of 0°–30° while suppressing the spatiotemporal coherence. By integrating multi-

scattering-induced virtual sub-sources (100 μm particles at 650 nm) with dynamic vibra-

tion modulation optimal at 50 Hz, the device reduced the spatiotemporal coherence from 

30.23% to 6.98%, which surpassed the performance of conventional diffusers in terms of 

angular uniformity and response time. Additionally, this value represents the system-

level performance constrained by finite exposure time, detector spatial averaging, and 

mechanical modulation, not a fundamental limit of the SSS mechanism. Within these prac-

tical constraints, the proposed approach shows pronounced frequency-dependent decor-

relation behavior, thus verifying its rapid and controllable coherence modulation. 

Through Mie scattering simulations and autocorrelation modeling, we optimized the fol-

lowing critical parameters: high transmittance: 92.4 to ±1.2%; low absorption: 2.8 to ±0.5%; 

and Gaussian-distributed particle density: 3.2 × 103 particle/mm. Experimental validation 

confirmed the frequency-dependent decorrelation (τc∝f−0.82±0.04), which demonstrates rapid 

coherence control. The solution addresses the challenges of miniaturized laser projection 

displays (e.g., AR/VR display) in achieving a low speckle level of <7% within a small an-

gular range. It provides a foundational structure for compact laser projection systems with 

improved spatiotemporal performance. 
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