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Abstract In this paper, a foveated imaging system using
a reflective liquid crystal spatial light modulator (SLM)
was designed. To demonstrate the concept of foveated
imaging, we simulated with software Code V and
established a laboratory prototype. The result of the
experiment shows that an SLM can be used to correct
the aberration of region of interest (ROI) while the
resolution of other area was still very low. The vary-
resolution system was relative simple compared to the
traditional high resolution system and obviously can
reduce the amount of data transmission. Such systems
will have wide application prospect in various fields.
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1 Introduction

To meet the wider needs, an optical system should have a
large field of view (FOV) while maintaining high imaging
quality within the whole image. Fast optical systems (with
small F/# numbers) usually need to add optical elements in
order to balance off-axis aberrations at large field angles,
which will increase the complexity, size and weight of the
system [1]. On the other hand, high resolution images
require large data bandwidth. But in many cases, high
resolution within the entire FOV is not necessary. That is to
say, the resolution through the whole FOV does not need to
be the same. If we only correct the aberrations of region of
interest (ROI) and keep the other area unclear, the object in
ROI will be distinguished while the amount of data is
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decreased. Such system is a foveated imaging system.
Because of the advantages of simple structure, miniatur-
ization and high data transmission rate, foveated imaging
systems have a variety of applications in military and
civilian fields including investigation, monitoring, remote
control, etc. [2-8].

In this paper, a foveated imaging system was designed.
A reflective spatial light modulator (SLM) was used as
wave front corrector to correct the aberrations of ROI so
the resolution of the entire FOV was variable. A prototype
was also established and the results were presented to
verify the theory.

2 Foveated imaging theory

The FOV of human eye is very large but only limited area
called foveal has high resolution while the other area is
blurred. Out of foveal area, we still can detect object
without its details. When we need to distinguish details, we
rotate our eyes and focus on the object. This process is so
called foveated imaging. An optical system which has high
resolution in ROI and relative lower image quality in
peripheral area is a foveated imaging system.

The key elements of foveated imaging systems are
active optical components including deformable mirrors
(DMs) [9] and SLMs. Considering the cost and conve-
nience, we used a phase-only reflective SLM to control the
optical wave front by dynamically changing the optical
path difference (OPD) across the aperture. The maximum
OPD that can be introduced by the SLM is known as the
phase stroke. The phase stroke achievable practically is
usually less than 24 (A= 632.8 nm), which is not enough to
correct the aberrations in peripheral area. If the wave front
aberration exceeds the phase stroke of a SLM, the
correction still can be done modulo-2xn [2,10].
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3 Optical design and tolerance analysis

To verify the theory of foveated imaging, software Code V
was used to design an optical system which contains four
spherical lens, a beam splitter and a reflective SLM. The
structure of the system is shown in Fig. 1. The FOV is +
8.7° in y and + 4.9° in x. Light from infinity objective
plane passes through the first lens group and the beam
splitter, then is reflected by the SLM and the beam splitter
and passes through the second lens group, finally
converges on the image plane.

The first lens group is a Kepler telescope consisting of
two convex lenses to make the light incident on the SLM
almost perpendicular to it. The polarization beam splitter
turns the light path to avoid duplication of the light path.
The reflective surface is defined by XY polynomial to
simulate the SLM. The second lens group consists of a
concave lens and a convex lens which can focus the light
on the image plane.

Then the wave aberration of a particular field was
analyzed to calculate the proper phase diagram. According
to the physical optics theory, the differences between
practical wavefront and the theoretical wavefront is the
wave front aberration. It can be described as follows:

W(U,,O,¢> = Zk(H»n)(m+n),nU<l+n)p(m+n)cosn¢7 (1)

where o is the radius of field (normalized), p is the radius of
the aperture (normalized), ¢ is the angle between the
principle ray and the rays in the imaging beams, & is the
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Fig. 1 Structure of foveated imaging system

coefficient and /, m, n are natural numbers. Then the wave
front aberration of any field can be calculated so that the
wave front map of ROI can be achieved. A foveated
imaging system is a system that has minimum aberration in
ROI and relative larger aberration in other area. By
calculating the wave front error of RO, the phase diagram
that need to be loaded on the SLM can be achieved.

The aberration of field (—4°, —4°) and (4°, 4°) then is
corrected and the simulation results is illustrated in
Figs. 2—4. Figure 2 is the original modulation transfer
function (MTF) before any modulation, which indicates
the image quality of the whole FOV is not good. Figures
3 and 4 show the MTF offield (—4°, —4°) and field (4°,
4°) after correction. The wave front errors before and after
correction are also shown below the MTF. It can be seen
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Fig. 2 MTF of the system before correction
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Fig. 3 (a) MTF after correction and (b) wave front errors before and after correction of field (—4°, —4°)

that these two fields have a near diffraction-limitation
performance while other fields still have residual aberra-
tion.

The structure of the first lens group can be treated as an
inverted Kepler telescope. An obvious advantage of this
structure is that it avoids large incident angle which will
cause strict tolerances since parallel beam is less sensitive
to the distances between elements compared with con-
vergent beam in Ref. [1]. In a foveated imaging system
using an SLM, the experimental accuracy directly affects
the practical wave front aberration of the system. If the
difference between the actual aberration and the calculated
value is too large, the phase diagram created by the
software cannot be used in the experiment. So the tolerance
analysis is needed.

Since the elements are all off-the-shelf, the tolerances of
their dimensions are given by the manufacturer. We
analyzed the centered and decentered tolerances by Code
V and the results are shown in Table 1.

From Table 1, we can find that the tolerances near the
SLLM and the decentered tolerances are quite loose. That is
to say, the prototype established in laboratory can be quite
close to the theoretical one. This also can be demonstrated
by the experiment. This is an obvious advantage compared
with the system designed in Ref. [1].

4 Demonstration

To demonstrate the theory, a laboratory prototype was
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Fig. 4 (a) MTF after correction and (b) wave front errors before and after correction of field (4°, 4°)

Table 1 The centered and decentered tolerances of foveated imaging system

tolerance wedge

elements No. distance tolerance/mm

tolerance tilt

total indicated runout (TIR) arc minute total indicated runout (TIR) arc minute

1 - 0.01 3.4 0.015 5.2
2 1.00 0.04 8.4 0.041 8.6
3 5.00 0.04 11.2 0.062 17.2
4 5.00 0.07 23.7 - -

5 5.00 0.04 11.2 0.062 17.2
6 1.00 0.01 2.4 0.029 6.9
7 1.00 0.10 21.5 0.032 6.9

established. All of the components are off-the-shelf. The
simulation part of infinity object consists of a He-Ne laser

was used as the light source (A= 632.8 nm), a frosted glass
to uniform the light and a resolution panel as the object.
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Fig. 5 Structure of (a) the simulation of an infinity object and
(b) a foveated imaging system

The resolution panel is on the focal plane of a convex lens
so that the exit light beam is parallel. Figure 5(a) shows the
structure of this part.

The structure of the imaging system is illustrated in
Fig. 5(b). We chosed Holoeye PLUTO SLM to demon-
strate our theory. The key part of PLUTO SLM is an active
matrix reflective mode phase only LCD with 1920 x 1080
resolution. It measured 15.36 mm x 8.64 mm with 8.0 um
x 8.0 um pixels and 87% fill factor. A polarizing prism
from which the exit light was polarized is used as the beam
splitter to meet the polarization requirements of the SLM.
A 1/2" black-and-white CMOS was put on the image plane
for image acquisition.

Then the phase diagram calculated before was loaded on
the SLM. Figure 6 shows the original image and the image
after correction at field (—4°, —4°) and field (4°, 4°). In
Fig. 6(a), there is no voltage applied to the SLM and the
whole image is blurred. The red circle is field (4°, 4°) and
the green one is field (—4°, —4°) . In Figs. 6(b) and 6(c),
phase diagrams were loaded to the SLM. Phase diagram is
a grayscale image and each gray scale has a corresponding
voltage value which will change the OPD of SLM.

After correction, the areas in the red circle and green
circle become clearer separately while other area becomes
worse. That is because the SLM is located in the aperture
surface while the phase diagram loaded to the SLM is for
the specific area. So when the ROI is corrected, the image
quality of other area becomes worse.

(2)

(b)

(©)

Fig. 6 Images (a) before and (b,c) after correction at fields (—4°,
—4°) and (4°, 4°)

5 Conclusion

An optical system which can realize foveated imaging was
designed. The system consisted of two groups of lenses, a
beam spiltter and a reflective SLM. The SLM was used to
correct the aberrations of the ROI so that the image quality
of this area can have a near diffraction-limitation
performance while the resolution of other area decreases.
We also analyzed the tolerances of this system and found it
very loose. This analysis illuminated that this system is
easy to be assembled and this conclusion was also verified
in the experiment. Using an SLM, the foveated imaging
system can achieve a high resolution of the ROI and
relative lower resolution of other area. Such systems will
have wide application prospect in various fields.

Acknowledgements This research work was financially supported by the
National Natural Science Foundation of China (Grant No. 61178041)

References

1. Wick D, Martinez T, Restaino S, Stone B. Foveated imaging
demonstration. Optics Express, 2002, 10(1): 60—65
2. Curatu G. Analysis and design of wide-angle foveated optical



94

10.

Front. Optoelectron. 2017, 10(1): 89-94

systems. Dissertation for the Doctoral Degree. Florida: University of
Central Florida, 2009

. Du X, Chang J, Zhang Y, Wang X, Zhang B, Gao L, Xiao L. Design

of a dynamic dual-foveated imaging system. Optics Express, 2015,
23(20): 2603226040

. Feng C, Chang J, Yang H. Design of dually foveated imaging optical

system. Acta Phisica Silica, 2015, 64(3): 034201

. Zhao X, Xie Y, Zhao W. Wide field-of-view foveated imaging

system. Chinese Optics Letters, 2008, 6(8): 561-563

. Curatu G, Harvey J E. Lens design and system optimization for

foveated imaging. In: Proceedings of the Society for Photo-
Instrumentation Engineers. 2008, 7060: 70600P-1-70600P-9

. Curatu G, Harvey J E. Analysis and design of wide-angle foveated

optical systems based on transmissive liquid crystal spatial light
modulators. Optical Engineering (Redondo Beach, Calif.), 2009, 48
(4): 043001

. Peng Q, Chang J, Feng S, Wang R. Reflective foveated optical

imaging system based on liquid crystal spatial light modulator. In:
Proceedings of the Society for Photo-Instrumentation Engineers.
2010, 7849: 78911-1-78911-7

. Xie Y, Zhu S, Hu S, Zhao H, Zhena M A, Chen R, Qiu Y, Gao W,

Fan X, Zhao B, Li Y. Space-based telescope with variable resolution
at any field angle by active optical zoom. Guangzi Xuebao, 2011, 40
(11): 1619-1624

Love G D. Wave-front correction and production of Zernike modes
with a liquid-crystal spatial light modulator. Applied Optics, 1997,
36(7): 1517-1520

S Xi Wang obtained her bachelor’s degree in
\ electronic science and technology in Beijing
Institute of Technology in 2013 and has
been a MS candidate at School of Opto-
electronics, Beijing Institute of Technology
since 2013. Her current research is optical
design.

Jun Chang is a Professor and PhD Super-
visor of School of Opto-electronics at
Beijing Institute of Technology. He
received his Ph.D. degree in optics from
Changchun University of Science and
Technology in 2002. He has 13 years’
experience in reflective zoom optical
system, reflective zoom optical system
based on active optics, the high precision

detection of the offset state of micro system assembly, the design of

the universal compensator for testing aspheric surfaces and short

baseline distance and long detecting distance measurement with
binocular vision based on OpenCV. He is the author of more than 60

journal papers. His current interests include optical design and

measurement,and electro-optical countermeasures.

i)
7

fo.

Yajun Niu obtained his bachelor’s degree
in optoelectronic information engineering
from Beijing Institute of Technology in
2012, his M.S. degree in optical engineer-
ing from Beijing Institute of Technology in
2014. Since 2014, he has been a PhD
candidate in optical engineering at Beijing
Institute of Technology, where his research
interests include optical design, testing,
and super-resolution imaging.

Xiaoyu Du obtained her bacherlor’s degree
at School of Opto-electronics, Beijing
Institute of Technology in 2014, and now
studying for master’s degree. Her current
research is optical design.

Ke Zhang obtained her bachelor’s degree
in Department of Physics from Changchun
University of Science and Technology in
2006, and M.S. degree in 2009. Since 2013,
she has been a PhD candidate at School of
Opto-electronics, Beijing Institute of Tech-
nology. Meanwhile, she is an engineer from
China North Vehicle Research Institute,
mainly responsible for optical structure

design of aiming system and photoelectric countermeasure system.
Her current research is optical design.

Guijuan Xie obtained her bachelor’s
degree in optical information science and
technology from Anhui University in 2013,
and she has been a MS candidate at School
of Opto-electronics, Beijing Institute of
Technology since 2013. Her current
research is optical design.

Bochuan Zhang is a senior engineer of
Beijing Aerospace Automatic Control
2 Institute. His current research is image
processing and satellite communications.



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


