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Virtually imaged phased array (VIPA) has the advantages of insensitive to polarization, simple structure and high in 

spectral resolution. Compared with commonly used dispersive devices, such as diffraction gratings or Fabry-Pérot (FP) 

interferometers, VIPA is self-aligned and has high transmission efficiency. In this paper, the dispersion mechanism of 

the VIPA is introduced in detail, the influence of incident angle and VIPA thickness on the dispersion performance 

near 532 nm is calculated and analyzed with MATLAB. According to the calculated results, the selected VIPA device 

has a thickness of 6 mm and an incident angle of 4°. The spectral dispersion system, in combination with corresponding 

optical devices, is designed and simulated with ZEMAX, then the experimental system was built. The spectral disper-

sion system based on VIPA, at a central wavelength of 532 nm, has the free spectral range of 15.08 GHz and the spec-

tral resolution of 0.87 GHz. The system designed in this paper can be applied to high-resolution spectral detection such 

as Brillouin scattering, Raman scattering, laser fluorescence, laser-induced plasma and so on. 
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In the classical spectral system, the diffraction grating 
and Fabry-Pérot (FP) interferometer are often used as 
dispersion devices[1,2]. In 1996, Shirasaki M[3] proposed 
the virtually imaged phased array (VIPA), which has 
the advantages of polarization insensitivity, simple 
structure, and high in spectral resolution. Compared 
with the diffraction grating which requires high preci-
sion engraving, virtual light sources are "self-aligned" 
in VIPA, and the quality of the interference pattern de-
pends only on the fineness of the VIPA. Compared with 
the FP interferometer, the incident surface of VIPA is 
nearly 100% reflective coating. The limited size and 
finite angular spread of the beam allow most of the in-
cident light energy to be transmitted to the detector, 
thus the optical efficiency of VIPA is about 60%[4]. At 
present, VIPA is mainly used in optical communication, 
pulse compression, middle infrared gas measurement, 
femtosecond pulse shaping, and so on[5-11]. 

In the past, the research on VIPA mainly analyzed its 
characteristics in the infrared band around 1 550 nm, 
and applied it to the fields of wavelength division mul-
tiplexing and dispersion compensation. This paper is 
aimed at its characteristics at around 532 nm. The sys-
tem designed in this paper will be used in 
high-resolution spectral detection such as Brillouin 
scattering and Raman scattering. In this paper, the dis-

persion mechanism of VIPA is introduced in detail, and 
the influence of the incident angle and VIPA thickness 
on the dispersion performance near 532 nm is calcu-
lated and analyzed with MATLAB software. According 
to the analysis results, the specific VIPA and corre-
sponding optics were selected to build a VIPA-based 
spectral dispersion system. Then the ZEMAX software 
was used to simulate the dispersion characteristics of 
the system and the experimental measurements were 
carried out. 

The dispersion mechanism of VIPA is similar to that 
of FP interferometer. As shown in Fig.1, VIPA can be 
regarded as a glass plate, which the incident surface is a 
total reflection coating, and the exit surface is a 
high-reflection coating of about 95%. The incident par-
allel light passes through the cylindrical lens to form a 
line beam, and converges on the exit surface of the 
VIPA. A part of the incident light beam is transmitted 
from the exit surface, and most of the light is reflected 
inside the plate, and a part of the light is emitted from 
the exit surface each time it is internally reflected, and 
the process is repeated continuously. Multiple reflec-
tions of the incident beam within the plate can be seen 
as forming a series of virtual light sources, each having 
a fixed phase difference, and is therefore called as a 
virtually imaged phased array[12,13]. 
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Fig.1 The schematic diagram of VIPA 
 

Assuming that the Gaussian beam is incident, the in-
tensity envelope of the beam should be a function of ex-
ponential descent for the nth virtual source[14-17]: 
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where R is the reflectivity of VIPA incident surface, r is 
the reflectivity of VIPA exit surface, y is the distance 
between the point on the imaging surface and the center 
point, λ is the central wavelength, fc is the focal length of 
cylindrical lens that used to compress the beam before it 
enters the VIPA, and W is the spot size of incident beam 
before the cylindrical lens. 

Using Fresnel diffraction analysis, the intensity distri-
bution can be obtained as 
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where f is the focal length of spherical lens after the beam 
exits, k is the wave vector, and t is the thickness of VIPA. 
Suppose that there are an infinite number of virtual light 
sources, the intensity distribution can be written as 
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where θi is the incident angle at which the beam is inci-
dent on the VIPA. Thus the light intensity can be ob-
tained as: 

2 2

c
out 2 2

2
( , ) exp( )

f yI y
f W

λ ∝ − ×  

2 2

1

(1 ) 4 sin ( )
2

kRr Rr Δ− + .                     (4)
 

Ideally, the angular dispersion factor of a VIPA-based 
spectral dispersion system can be expressed as[18]  
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The spectral resolution (FWHM) can be expressed as[12]  
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The interference phase matching equation can be 
written as: 

2

i i
i 2

2 sin( ) cos( )
[2 cos( ) ] 2

t y t yk k t m
f f
θ θΔ θ= − − = π .(7) 

Therefore, the free spectral range (FSR) can be ex-
pressed as[13] : 
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It can be seen from Eq.(5) that the angular dispersion 
factor of VIPA is inversely proportional to the angle of 
incidence. For an incident angle of 4°, the VIPA angular 
dispersion factor of fused silica is approximately 21.4, 
while the angular dispersion factor of the same size dif-
fraction grating is 7.5. The smaller the angle of incidence, 
the larger the obtained angular dispersion, but the angle 
of incidence should have a minimum value, below which 
the incident beam will be obscured by the high reflection 
window. Therefore, in the overall design process of the 
dispersion system, the incident angle and VIPA thickness 
should be carefully analyzed to obtain the most suitable 
spectral resolution. 

It can be seen from Eqs.(5)—(8) that in the parameters 
of the spectral dispersion system based on VIPA, R and r 
can be basically determined by the coating process, and 
the main factors affecting the dispersion characteristics 
of VIPA are the incident angle θi and the thickness t. 
According to the parameters of Tab.1, the influence of 
incident angle and VIPA thickness on spectral resolution 
is simulated by MATLAB software at a central wave-
length of 532nm, and the simulation result is shown in 
Fig.2. 

It can be seen from Fig.2 that the spectral resolution is 
increased by about 0.007 pm (7.4 MHz) when the inci-
dent angle is increased from 2° to 10°, and the spectral 
resolution is reduced by about 1.36 pm (1 440 MHz) 
when the thickness is increased from 1 mm to 7 mm. 
With the increase of VIPA thickness, the loss of beam in 
VIPA will increase, and the number of light spots will 
also increase, which will affect the interference results. 
Therefore, in order to obtain a certain dispersion effect, 
the incident angle and thickness of the VIPA should be 
integrated. In the dispersion system designed in this pa-
per, the incident angle is chosen to be 4° and the thick-
ness of VIPA is 6 mm. 

According to the parameters in Tab.1 and Eq.(4), the 
intensity distribution of spectral dispersion system based 
on VIPA can be obtained as shown in Fig.3. It can be 
seen from Fig.3 that the light field is distributed periodi-
cally, and for the same wavelength, different bright spots 
represent different diffraction order[19]. Calculated by 
Eq.(8), the FSR of the whole dispersion system is about 
15.08 GHz, the spectral resolution (FWHM) is about 
0.87 GHz, the distance between adjacent diffraction or-
ders is about 0.4 mm, and the fineness is about 17.4. It 
can be seen that the characteristics of the dispersion sys-
tem we designed in this paper are higher than those of 
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the general optical dispersion devices[20]. 
 

Tab.1 Parameters of simulation system 
 

Parameters Value

Spot size of incident beam W (mm) 5 

Focal length of cylindrical lens fc (mm) 500 

Focal length of spherical lens f (mm) 500 

Reflectivity of VIPA incident surface R 100%

Reflectivity of VIPA exit surface r 95%

Center wavelength of incident beam λ0 (nm) 532 

 

 

 

Fig.2 (a) Relationship between incident angle and 
spectral resolution and (b) Relationship between VIPA 
thickness and spectral resolution 
 
 

 

Fig.3 Intensity distribution of high resolution spectral 
dispersion system based on VIPA 

 
ZEMAX software has powerful optical design and 

simulation analysis function, which can trace the light 

through sequence and non-sequence modes to optimize 
the designed system. 

Combined with the parameters in Tab.1, the system is 
simulated and analyzed by ZEMAX software. The sys-
tem model is shown in Fig.4. The simulation model uses 
a Gaussian light source as the input source(λ0=532 nm), 
which is collimated and expanded into a parallel light by 
a combination of lenses (first: 5 mm, second: 50 mm), 
and then becomes a line beam through a cylindrical 
lens(fc=500 mm), and is focused and coupled to reach the 
exit window of the VIPA. Set the interval between the 
cylindrical lens and VIPA as a variable to optimize the 
spot size in the y direction. Using the ZEMAX nesting 
mode, the reflectivity of the front and back surfaces of 
the VIPA is set to 99.9% and 95%, the incident angle is 
4°, and the thickness is 6mm. The line beam is repeat-
edly reflected and transmitted between the front and back 
surfaces of the VIPA. The transmitted light interferes 
with each other after passing through the spherical lens 
(f=500 mm), and finally reaches the detector for imaging. 
As shown in Fig.5, the distance between adjacent dif-
fraction orders is about 0.42 mm. 

 

 

Fig.4 ZEMAX simulation model of high resolution 
spectral dispersion system based on VIPA 
 

 

Fig.5 ZEMAX simulation imaging results of high 
resolution spectral dispersion system based on VIPA 
 

According to the above principles, and exactly the 
same parameters as used in the simulation system. The 
spectral dispersion system based on VIPA is built and 
verified by experiments. The structure of the experimen-
tal system is shown in Fig.6. The laser model is Melles 
Griot 05-LGR-025, the central wavelength of the inci-
dent light is 532 nm, the incident angle is 4°, the thick-
ness of VIPA is 6 mm, the detector model is ICX285AL, 
and its pixel size is 6.45 μm×6.45 μm. 

The experimental results are shown in Fig.7. The dis-
tance between adjacent diffraction orders is about 
0.42 mm. It can be seen that the spectral dispersion system 
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based on VIPA is high in spectral resolution. Within the 
allowable range of error, the experimental results are 
basically consistent with the simulation results, thus 
verifying the accuracy of simulation analysis, device 
selection and system experiments. 
 

 

Fig.6 Experimental structure diagram of high resolu-
tion spectral dispersion system based on VIPA 
 
 

 

Fig.7 Experimental result of high resolution spectral 
dispersion system based on VIPA 
 

In summary, we analysis the dispersion mechanism of 
the VIPA in detail, and the influence of incident angle 
and VIPA thickness on the dispersion performance near 
532 nm is calculated and analyzed with MATLAB soft-
ware. The simulation results of ZEMAX model are es-
tablished with the corresponding optics, and the spectral 
dispersion system based on VIPA is built in the labora-
tory. Within the allowable range of error, the experimen-
tal results are basically consistent with the simulation 
results, thus verifying the accuracy of the experiment. 
The VIPA-based spectral dispersion system designed in 
this paper has the free spectral range of about 15.08 GHz 
and the resolution of about 0.87 GHz. It can be seen that 
this dispersion system we designed is high in resolution 
and has broad application prospects in the fields of spec-
tral imaging and processing. It can be applied to 
high-resolution spectral detection such as laser Brillouin 
scattering, Raman scattering, laser fluorescence, la-
ser-induced plasma and so on. 
 
References 

[1]    Xunli Yin, Yedi Shen, Dan Su and Zhihua Shao, Optics  
 

Communications 453, 124422 (2019). 
[2]    Ali Zahid, Bo Dai, Bin Sheng, Ruijin Hong, Qi Wang, 

Dawei Zhang and Xu Wang, Spatial Dispersion for Dif-
fraction Grating Based Optical Systems, Proc. SPIE, 
1024423 (2016). 

[3]    Shirasaki M, Optics Letters 21, 366 (1996). 
[4]    G. Bourdarot, E. Le Coarer, X. Bonfils, E. Alecian, P. 

Rabou and Y. Magnard, CEAS Space Journal 9, 411 
(2017). 

[5]    Scarcelli Giuliano and Yun Seok Hyun, Optics Express 
19, 10913 (2011). 

[6]    Shijun Xiao and A.M. Weiner, IEEE Photonics Tech-
nology Letters 17, 1522 (2005). 

[7]    Shijun Xiao and A.M. Weiner, Journal of Lightwave 
Technology 24, 2523 (2006). 

[8]   Fiore Antonio, Zhang Jitao, Shao Peng, Yun Seok Hyun, 
and Scarcelli Giuliano, Applied Physics Letters 108, 
203701 (2016). 

[9]    V.R. Supradeepa, E. Hamidi, D.E. Leaird and A.M. 
Weiner, New Aspects of Temporal Dispersion in Virtu-
ally Imaged Phased Array (VIPA) Based Fourier Pulse 
Shapers, Conference on Lasers and Elec-
tro-Optics/Quantum Electronics and Laser Science, 
CThDD3 (2008). 

[10]    Fiore Antonio and Scarcelli Giuliano, Biomedical Op-
tics Express 10, 1475 (2019). 

[11]    Limbach Christopher M, Optics Letters 44, 3821 
(2019). 

[12]    Shijun Xiao and A.M. Weiner, Optics Express 12, 2895 
(2004). 

[13]    ZHANG Lei, JIAO Xiao-xue, SUN Yu, WANG 
Shu-ling, XIE Yan and LIU Shao-peng, Optoelectronics 
Letters 13, 279 (2017). 

[14]    A. Mokhtari and A.A. Shishegar, A Rigorous Vectorial 
Gaussian Beam Modeling of Virtually-Imaged- 
Phased-Array, Optical Fiber Communication and Opto-
electronics Conference, 1 (2007). 

[15]    Albert Vega, Andrew M Weiner and Christoper Lin, 
Applied Optics 20, 4152 (2003). 

[16]    Daniel J. Gauthier, Applied Optics 51, 8184 (2012). 
[17]    D.S. Seo, D.E. Leaird and A.M. Weiner, High Precision 

Measurement of Free Spectral Range of a Fabry-Perot 
Etalon, 12th International Conference on Optical Inter-
net, 1 (2014). 

[18]    Scholten Sarah K, Anstie James D, Hébert Nicolas 
Bourbeau, White Richard T, Genest Jérôme and Luiten 
Andre N, Optics Letters 41, 1277 (2016). 

[19]    Zhongwei Tan, Hongmei Li, Zhichao Ding and Lei 
Zhang, Microwave and Optical Technology Letters 59, 
2654 (2017). 

[20]    Coker Zachary, Troyanova-Wood Maria, Traverso An-
drew J, Yakupov Talgat, Utegulov Zhandos N and 
Yakovlev Vladislav V, Optics Express 26, 2400 (2018). 

 


