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(57) ABSTRACT 

AWide FOV imaging system (10) includes an objective lens 
(14), a convergent re?ective element (18) positioned proxi 
mate an intermediate image (16) formed by the objective 
lens, and a re-imaging lens (20) for re-imaging the interme 
diate image. The present invention signi?cantly improves 
image ?delity While minimizing optical components by 
utilizing a convergent re?ective element proximate the inter 
mediate image to reverse the propagation of aberrations 
produced by the objective lens (14) to, as a result, signi? 
cantly cancel or reduce the aberrations contributed by the 
re-imaging lens. 

56 Claims, 2 Drawing Sheets 
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WIDE FIELD OF VIEW IMAGING SYSTEM 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of application 
Ser. No. 948,662 ?led on Sep. 22, 1992, now US. Pat. No. 
5,406,415. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to optical imaging 
systems, and more particularly to a compact optical imaging 
system exhibiting a wide ?eld of view (FOV), large exit 
pupil, large eye relief, or a combination thereof. 

Optical systems, while their designs are quite varied, 
primarily serve to collect radiation from a ?nite dimensional 
or angular object to form an image for later use. The goal of 
optical design is to maximize the ?delity of the image as 
required for such later use while producing a practical 
con?guration of optical system elements. Generally, a low 
number of optical elements is desired to minimize cost and 
system size, while a greater number is desired to offer 
su?icient design ?exibility to minimize optical aberrations 
and therefore achieve the highest image ?delity. This com 
petitive design environment becomes even more problem 
atic as the desired ?eld of view, exit pupil or eye relief are 
increased because such increases lead to signi?cantly greater 
optical aberrations. This in turn increases the number and 
cost of optical elements required by the imaging system to 
maintain acceptable image quality. 
Many optical imaging systems such as microscopes and 

telescopes utilize a positive objective lens to produce an 
intermediate image which is later re-imaged by another 
positive ocular or eye lens. Unfortunately, the aberrations of 
multiple positive lenses tend to compound themselves. 
However, positive lens aberrations are in certain cases 
opposite in sign compared to the same aberrations in a 
negative lens. Thus, many imaging systems employ a com 
bination of predominantly positive and less powerful nega 
tive lens elements to minimize aberrations. Therefore, since 
such compounding of lenses requires many more elements, 
such a technique has only limited utility in systems which 
must be practically produced with low cost and in compact 
con?gurations while also providing a large FOV, exit pupil 
and/or eye relief. 

Further, known imaging systems try to produce a wider 
?eld of view by employing a positive ?eld lens at or near the 
intermediate image. However, such arrangements for wid 
ening the ?eld of view are not satisfactory since the ?eld 
lenses do not serve to make such systems more compact, and 
they can add signi?cant aberrations to the intermediate 
image if such lenses are particularly powerful or if there is 
signi?cant ?eld curvature in the intermediate image. 

SUMMARY OF THE INVENTION 

It is therefore an object of the invention to provide an 
improved optical system design. 

It is a further object of the invention to provide an 
improved optical system design which provides for a large 
?eld of view, eye relief and/or exit pupil while minimizing 
the necessary optical elements. 
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2 
It is another object of the invention to provide a low cost, 

compact optical system which provides for a large ?eld of 
view, eye relief and/or exit pupil. 

It is yet another object of the present invention to provide 
a wide FOV imaging system which utilizes a convergent 
re?ective surface to both correct aberrations generated by an 
objective lens in an intermediate image, and precorrect for 
aberrations generated by a re-imaging eye lens. 

In accordance with the present invention, an optical 
system comprises a means for forming an intermediate 
image of an object, a convergent re?ective surface proxi 
mate the intermediate image, and a means for re-imaging the 
intermediate image to a location displaced or distanced from 
the object location. The convergent re?ective surface may 
comprise a concave mirror, ?at Fresnel lens, concave pro 
jection screen, or combination thereof. 

In further accordance with the invention, an optical sys 
tem comprises a scanning, narrow-beam projection means 
which forms an intermediate image onto a concave, light 
scattering screen proximate the intermediate image, and a 
means for re-imaging the intermediate image to a location 
displaced or distanced from the projection means. 

In further accordance with the present invention, an 
optical imaging system comprises an object imaging means 
for forming an intermediate image of an object image, 
wherein the object imaging means produces particular aber 
rations in the intermediate image, an aberration reversing 
means for reversing at least some of the aberrations in the 
intermediate image comprising a convergent re?ective sur 
face positioned proximate the intermediate image, and a 
re-imaging means for re-imaging the intermediate image. 
The re-imaging means provides image aberrations similar to 
those provided by the object imaging means, thereby sig 
ni?cantly cancelling or reducing those aberrations in the 
intermediate image which were reversed by the aberration 
reversing means. The imaging system can further comprise 
a beam splitter positioned between the object imaging means 
and the re?ective surface, or between the re?ective surface 
and the re-imaging means. 
The present invention accommodates the use of relatively 

simple positive lenses for both the objective and eye lens by 
employing a convergent mirror proximate an intermediate 
image to signi?cantly cancel or reduce particular positive 
lens aberrations. In effect, the convergent mirror reverses the 
sign of such aberrations as created by the positive objective 
lens so that the now negative aberrations propagating from 
the mirror are cancelled or signi?cantly reduced by the 
positive aberrations applied by the eye lens. 
The present invention will be more fully understood upon 

reading the following detailed description of the several 
embodiments in conjunction with the accompanying draw 
1ngs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of a ?rst embodiment of 
a wide FOV imaging system in accordance with the present 
invention; 

FIG. 2 is a schematic illustration of a second embodiment 
of a wide FOV imaging system in accordance with the 
present invention; 

FIG. 3 is a schematic illustration of a third embodiment of 
a wide FOV imaging system in accordance with the present 
invention particularly useful with a head mounted display; 
and 

FIG. 4 is a schematic illustration of a fourth embodiment 
of a wide FOV imaging system in accordance with the 
present invention. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT(S) 

A ?rst embodiment 10 of the present invention is shown 
in FIG. 1 Wherein an object 12 is imaged by an objective lens 
14 to form an intermediate image 16. A convergent mirror 18 
is placed proximate the intermediate image 16 and tilted or 
positioned to direct the re?ected light toWard lens 20 to form 
an image 12'. The focal length, proximity to the intermediate 
image and other optical properties of the convergent mirror 
18 are selected through use of conventional optical design 
optimiZation methods to best compensate for the aberrations 
produced by lenses 14 and 20. 
A second embodiment 100 of the present invention is 

shoWn in FIG. 2 Wherein an object 102 is imaged by an 
objective lens 104 and re?ected off of beam splitter 106 to 
form an intermediate image 108. A convergent mirror 110 is 
placed proximate the intermediate image 108 to direct the 
re?ected light back through beam splitter 106 and lens 112 
to form an image 102'. 

With the exception of the beam splitter 106, the compo 
nents of both embodiments 10 and 100 perform similar 
functions. The lenses 14 and 104 comprise any combination 
of optical elements to produce an intermediate image. Such 
lenses include, but are not limited to, the objective lenses of 
telescopes, microscopes, binoculars, beam expanders and 
simple magni?ers. The lenses 20 and 112 comprise any 
combination of optical elements to re-image the intermedi 
ate image to form the respective images 12' and 102'. Such 
lenses also include, but are not limited to, the eye or 
magnifying lenses of the aforementioned devices, and may 
further include the human eye lens or a camera lens. Note 
that the objects 12 and 102, and also the images 12' and 102' 
may be signi?cantly distanced from the optical elements of 
the system, and that the images 12' and 102' may also be 
virtual images. 

The mirrors 18 and 110 comprise any structure or com 
bination of elements to re?ect the light incoming from the 
objective lens into the lens used to re-image the intermediate 
image in such a Way as to, at least in part, reverse the 
aberrations in the rays comprising said incoming light. One 
of ordinary skill Will readily appreciate that such mirrors 
include, but are not limited to, a ?rst or second surface 
concave mirror, a ?at convergent Fresnel, di?‘ractive or 
holographic structure, or a combination thereof, Wherein 
such structures may be applied to a concave surface. The 
reversing properties of such mirrors are designed in con 
junction With the other optical elements of the system to 
minimize optical aberrations using conventional techniques 
of optical design. Of particular advantage is the concave 
second surface mirror Wherein the light from the object 
passes through the mirror substrate to reach the re?ective 
coating on the back of the substrate and then again passes 
through the substrate toWard the re-imaging lens. In this 
case, the mirror substrate may be effectively designed as a 
negative lens With a concave ?rst surface in front of the 
mirror, exploiting the advantages of the present invention in 
combination With the previously mentioned conventional 
techniques of matching negative and positive lenses to 
reduce aberrations. In all cases, the curvature of the ?rst 
surface of such a mirror Will ultimately be determined 
through optimization of the optical system as a Whole. 

The beam splitter 106 provides an alternative arrangement 
from the tilted mirror 18 of the ?rst embodiment 10 for 
directing the light, because such tilting creates asymmetric 
aberrations Which are di?icult to correct. Such a beam 
splitter, shoWn generically in FIG. 2, comprises any means 
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4 
of passing light from the objective lens to the convergent 
mirror While re?ecting light from the convergent mirror to 
the re-imaging lens or vice verse. Such beam splitters 
include, but are not limited to, ?at single or multi-stack 
WindoWs, polariZing beam splitters, cube beam splitters, 
partially re?ective coatings, and other elements used in 
combination With such means to facilitate the best use of 
such devices. 
A third embodiment 200 of the invention is shoWn in FIG. 

3, Wherein the advantages of the previous embodiments are 
coupled With further improvements to yield an optical 
system design ideal for a Wide ?eld of vieW magni?er. Such 
a magni?er can be used in many applications but is particu 
larly ideal for a compact head-mounted display Wherein one 
such system may be used for each eye for stereo vieWing. 
FIG. 3 represents a side-vieW pro?le of the imaging system 
200, Wherein an object 202 is imaged by a compound 
objective lens 204 to form an intermediate image 208 after 
re?ecting off of a beam splitter 206 and a second-surface 
concave mirror 210. The light from the intermediate image 
208 continues through the beam splitter 206 to be re-imaged 
by the lens 212 through an exit pupil 214 to form a virtual 
image 202' located substantially distant from the optical 
system 200. The object 202 comprises either an actual object 
or the image of an object, and in the particular case of a 
head-mounted display, generally comprises the image pro 
duced by an electronic imaging device including, but not 
limited to, a cathode ray tube or liquid crystal display. 
The compound lens 204 generally includes a positive 

collimating lens 204(a); a transparent spatial ?lter 204(b) to 
remove arti?cial image artifacts from the object 202 and to 
provide a limited increase in depth of focus to the system; a 
negative lens 204(c) to provide limited aberration correction 
to the collimating lens 204(a); and a positive lens 204(d) 
Which focuses the collimated image provided by the previ 
ous lenses to initially form the intermediate image 208. Note 
that in this particular embodiment of the invention, the 
object is proximate the optical system Whereas the image is 
substantially distant. In accordance With keeping the aber 
rations of the positive lenses 204(d) and 212 fairly similar, 
the purpose of the ?rst tWo lenses 204(a) and 204(c) can be 
thought of as forming a virtual object substantially distant 
from the optical system so that the system is fairly symmet 
ric from lens 204(d) to lens 212. It should be further noted 
that the embodiment 200, in forming a substantially colli 
mated area Within the compound lens 204, provides a 
particular advantage over other magni?ers in that spatial 
?ltering can be accomplished inside the optical system. 
Since spatial ?ltering is customarily performed in an area of 
collimation, and since typical prior art compact magni?ers 
provide such an area only after the last lens element, the 
spatial ?lter necessarily decrease eye relief in such systems, 
a problem obviated by the present invention as shoWn in 
embodiment 200. 
The concave second-surface mirror 210 comprises tWo 

surfaces 210(a) and 210(b) of a single substrate Whereon the 
back surface 210(b) is placed a re?ective coating. The mirror 
210 therefore e?‘ectively serves three functions in one ele 
ment. As the light ?rst passes through surfaces 210(a) and 
210(b) from the lens 204(d), the mirror substrate acts as a 
negative lens to assist in correcting aberrations produced by 
lens 204(d). The re?ective surface 210(b) serves to reverse 
the propagation direction of at least part of the aberrations 
from lens 204(d) as Well as some residual aberrations from 
the objective lens as a Whole. Finally, through the second 
pass of light through surfaces 210(b) and 210(a), in the 
reverse direction of the ?rst pass, the substrate again acts as 
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a negative lens, this time to assist in pre-correcting aberra 
tions produced by lens 212. 

It should be ?nally noted that the intermediate image 208 
Which is formed after the concave mirror 210 is not nor 
should it necessarily be a high ?delity image in this par 
ticular embodiment. One Will note that While the center 
location in the object 202 does form a reasonably sharp 
focus on the optical axis in the intermediate image, the light 
rays from the edge location in the object do not form such 
a sharp focus. This should be entirely expected because 
While lens 212 Will not produce signi?cant aberrations on 
the optical axis, it Will produce severe aberrations toWard the 
edge of the ?eld of vieW. Therefore since the intermediate 
image Zone should exhibit the reverse of the aberrations 
produced by the lens 212, the magnitude and sign of such 
reversed aberrations should correspond to the magnitude and 
opposite sign of those produced by the lens. 

In each of the above embodiments, the proximity of the 
means of reversing the light to the intermediate image is 
determined by optimization of the optical system as a Whole. 
In general, it is desirable that the intermediate image reside 
at least slightly aWay from such reversing means so that the 
re-imaging lens does not also image defects, undesirable 
structures or dust associated With the light reversing struc 
ture. 

The operation of the present invention results from three 
component yet overlapping principles responsible for the 
improvements created by the placement and design of a 
convergent mirror proximate the intermediate image. The 
?rst principle involves adding elements Which produce 
negative aberrations to cancel those produced by the positive 
elements. A convergent mirror produces some aberrations 
Which are opposite those of positive lenses. By placing the 
mirror proximate the intermediate image hoWever, the nega 
tive aberration contributions of the mirror can be symmetri 
cally applied to both positive lenses. In effect, the single 
mirror is therefore providing the aberration cancellation of 
tWo negative lens elements each of Which Would normally 
be used for the tWo positive lenses. Thus in a sense, the 
mirror is acting on the aberrations of the object lens prima 
rily to reverse the sign of those aberrations, not to cancel 
them, as they propagate toWard the re-imaging lens. 

The second principle responsible for operation of the 
invention is based on the approximation of the concave 
mirror in proximity to the intermediate image as a phase 
conjugation device. While this principle is more complex 
than the ?rst principle, it is much more thorough in explain 
ing hoW the invention operates. Consider ?rst a single 
positive lens used to image an object scene. Rays from 
various object points Will be imaged by the lens to exhibit 
many of the classic optical aberrations such as distortion, 
?eld curvature, spherical aberrations, coma, astigmatism and 
chromatic aberration. NoW, consider that some means is 
used to exactly reverse or phase conjugate the propagation 
direction of each light ray in this intermediate image space 
to re?ect back upon itself through the lens to form yet 
another image superimposed over the object. By the prin 
ciple of reciprocity, this second image Will form an exact 
image of the object, albeit Within the diffraction limit of the 
lens, and Will consequently be totally free of aberrations. 

While a simple mirror conventionally placed in an optical 
system Will not completely reverse the propagation direction 
of each ray, the present invention, in applying a concave 
mirror proximate the intermediate image, exhibits many of 
the bene?ts of such complete reversal by providing approxi 
mately some of the same effects to achieve a practical and 
signi?cant reduction in the aberrations caused by the posi 
tive lenses. 
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6 
Effectively, the aforementioned means of completely 

reversing the propagation of each ray can be considered as 
an additional imaging system independent of the single 
positive lens. In accordance With such a consideration, the 
reversing means acts on the rays of light exiting the lens and 
images those rays back onto the lens such that the exiting 
and imaged rays are collinear. The concave mirror is 
designed to act as a similar imaging system to achieve the 
bene?ts of such reversal in that it is placed proximate the 
intermediate image and the objective and re-imaging lenses 
are generally placed approximately at the radius of curvature 
of the mirror. Accordingly, light rays exiting the objective 
lens are effectively imaged by the mirror onto the re-imaging 
lens. 

This perspective provides a convenient means of explain 
ing the primary difference betWeen the concave mirror and 
the complete reversing means. A complete reversal of light 
rays implies that the rays exiting the objective lens map to 
an image of those rays on the re-imaging lens such that they 
are in completely correct orientation With respect to the 
exiting rays. This only partially occurs With the concave 
mirror. For every bundle of rays emanating from a given 
object point and exiting the objective lens, the image of that 
bundle on the re-imaging lens formed by the concave mirror 
Will be inverted, about the center of the bundle, With respect 
to the orientation of that bundle as it exits the objective lens. 
This means that some light rays, especially those at the edge 
of the ray bundle, Will not pass through both objective and 
re-imaging lenses at the same location and With the same 
directionality as they Would if a complete reversal had 
occurred, resulting in less than a perfect result. In other 
Words, only the centers of the respective ray bundles can 
potentially achieve complete reversal, While such reversal 
degrades With distance of rays in the bundle aWay from its 
center. HoWever, the consequence of this difference, even if 
the concave mirror is replaced by a less effective convergent 
Fresnel or other convergent mirror form, is far outWeighed 
by the bene?ts of the amount of reversal Which does occur 
in accordance With the teachings of the present invention. 
A third principle by Which the present invention operates 

also explains in part Why the aforementioned ray bundle 
reversal is not deleterious in the case When the convergent 
mirror is placed proximate the intermediate image. Consider 
again a single axisymetric positive lens imaging an object to 
form an intermediate image. In this case hoWever, further 
consider that the lens is designed to correct all forms of 
aberrations such that only ?eld curvature and distortion 
exist. Such an intermediate image Will therefore be in sharp 
focus only over an intermediate image surface conforming 
to the ?eld curvature of that image. In other Words, if a light 
scattering screen Were placed exactly at the intermediate 
image With a curvature identical to the ?eld curvature of the 
positive lens, then the image formed on that screen Would be 
in perfect focus over the entire screen With perhaps some 
residual distortion. Thus, the positive lens has imaged each 
point in the object to a sharp, in-focus image of that point in 
the intermediate image. In order to form such a sharp, 
in-focus point image, the light rays from the positive lens to 
any point in the intermediate image must be convergent on 
that point. 
NoW consider that the light from that focused point in the 

intermediate image is re?ected or scattered back to the 
positive lens. By the principle of reciprocity, since the lens 
operates on an object point to form a sharp image point at the 
intermediate image, the reverse must also be true, Within the 
limits of diffraction. Thus if the intermediate image of a 
point is sharp and in focus, and if that image is scattered or 
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re?ected back into the positive lens, [than] then the light 
from that image Will be re-imaged on the object With similar 
quality. Note that the distortion and ?eld curvature of the 
intermediate image are of no consequence because the 
re?ection or scattering from the intermediate image surface 
has reversed the sign of those aberrations to be exactly 
cancelled by the lens. It should be noted that this process 
also applies to lateral chromatic aberration. As long as the 
image of every color is in focus in the intermediate image, 
regardless of the relative displacement of those colors in the 
image, any dispersion by the lens must be exactly cancelled 
out as the re?ected or scattered rays diverging from the 
image pass back through the lens. 

This third principle is valid providing the positive lens 
used in the example provides an aperture for the bundle of 
rays forming the intermediate image similar to that for the 
bundle of rays propagating back toWard the object space. 
HoWever, Within this restriction, the actual position of the 
reverse propagating ray Within this aperture is 
inconsequential, because every ray entering the aperture 
from a given intermediate image point must form on the 
corresponding object point. Thus, in this limited case, re?ec 
tion or scattering from the intermediate image surface 
becomes just as effective as complete phase conjugation. 

Applying such convergent mirrors in accordance With the 
aforementioned principles of the present invention directly 
provides both the ability to use feWer lenses in attaining a 
particular image quality and also the ability to achieve larger 
?elds of vieW, exit pupils and eye reliefs in a compact 
imaging system. Once again, the above discussion of the 
operation of the convergent mirror is limited only to a 
general explanation of hoW the mirror is used in principle to 
minimize aberrations. With the general use of one or more 
of the principles, the actual proximity of the mirror to the 
intermediate image, and the other optical speci?cations of 
the optical system Will be determined by optimiZing the 
system as a Whole. 

Further, the convergent mirror discussed in the above 
embodiments can, in more limited situations and as 
described by the third principle above, be replaced by a 
concave projection screen Which operates by scattering or 
dispersing light rather than by specularly re?ecting it. In 
general, such a screen includes a concave surface having a 
structural or physical property including a means for redis 
tributing the light incident on any point on the concave 
surface from a given cone of incidence originating at that 
point into a neW cone of exodus from that point larger than 
the incidence cone. Such means includes but is not limited 
to scattering surfaces, binary or di?fractive optical surfaces, 
lenticular surfaces, Fresnel surfaces, microlens surfaces, or 
holographic surfaces. In such cases, the screen must con 
form With the intermediate image surface. While use of such 
a screen does not offer the full ?exibility of a convergent 
mirror as described above it does alloW for a magni?cation 
betWeen the aperture of the objective lens and the exit pupil 
of the eye lens not offered in knoWn, conventional designs. 
Thus very small aperture objective lenses can be employed 
While maintaining a large exit pupil. 

This advantage o?fers yet another embodiment 300 of the 
invention as shoWn in FIG. 4. Consider a re-imaging lens 
Which has been optimiZed to act on an intermediate image 
formed on a concave projection screen. NoW consider that a 
scanning and modulated laser beam is used to directly form 
an intermediate image onto the projection screen. Since the 
exit pupil of the re-imaging lens is substantially independent 
of the siZe of the laser beam, the beam can be made so ?ne 
that focusing of the beam to form a focused scanning spot 
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Will not be required. As shoWn in FIG. 4, a scanning, 
modulated image source [310] 310’ is placed approximately 
at the radius of curvature of a concave projection screen 312. 
The image source [310] 310’produces a ?ne scanning beam 
Which is modulated in intensity as it scans to form an 
intermediate image 314 on screen 312. Screen 312 [scatters] 
redistributes the energy from the image source [310] 310’ to 
?ll the [entrance aperture] exit pupil 3] 7 of a re-imaging lens 
316 Which in turn forms a distant virtual image 318 of the 
intermediate image. 

In accordance With the present invention, the image 
source [310] 310’ comprises any means of forming a ?ne 
scanning spot on the projection screen 312 to form the 
intermediate image 314, including, but not limited to, a 
monochromatic or polychromatic scanning laser projector. 
The projection screen 312 comprises any suitable material or 
device to scatter the light from the intermediate image 314 
into the entrance [aperture] pupil of the re-imaging lens 316. 
Preferably, such scattering Will be con?ned such that all the 
light from the intermediate image [310] 314 enters and 
uniformly ?lls the entrance [aperture] pupil of the lens 316. 
Note that such a screen material or device may further 
comprise a surface Which not only scatters the energy from 
the image source [310] 310’ but also Which may absorb the 
light and re-emit it as the intermediate image 314. Note 
further that if the image source is such that polychromatic 
light is produced Wherein each color can be scanned to form 
a full-color composite intermediate image 314, then each 
color component intermediate image should be scanned to 
pre-aberrate the intermediate image to [accommodate] cor 
rect for lateral chromatic aberration in the re-imaging lens 
316. Note ?nally that the [unique combination of] relative 
independence betWeen the projector beam siZe and the 
re-imaging lens [aperture and] exit pupil, in combination 
with the narroW projector beam siZe, alloWs the projector to 
be located olf-axis as shoWn in FIG. 4, providing that the 
intermediate image formed by the projector is created as an 
olf-axis image. This advantage is made possible by the very 
long relative depth of focus of the intermediate image. 

While FIG. 4 illustrates a simple representative embodi 
ment of the use of a narroW beam projector in the invention, 
attributes of previous embodiments may also be used in 
combination With this embodiment for increased bene?t. For 
example, a beam splitter may be used to eliminate the need 
for off-axis imaging. A second surface screen may also be 
used to provide additional aberration correction. 

Finally, the present invention is best practiced by employ 
ing an aberration reversing means Which most closely pro 
vides the full properties of phase conjugation as described 
above. Several re?ective and scattering surfaces and struc 
tures have been mentioned to at least partially provide such 
properties. Of particular bene?t hoWever, is the use of a 
concave surface With an additional structure placed thereon. 
For example, a Fresnel lens structure may be formed on a 
concave surface. Such a hybrid optical element is particu 
larly useful because While the surface contour can be 
adjusted to match the ?eld curvature of the intermediate 
image, the Fresnel structure can be designed to re?ect the 
incident light to concentrate that light into the [aperture of 
the eye lens] exit pupil. Typically, Fresnel lenses are not 
employed in high quality imaging systems because of the 
diffraction and/or gross image artifacts created by the 
Fresnel structure. HoWever, since the Fresnel structure is 
located at the image surface in accordance With the present 
invention, the structure may be made especially ?ne With 
relatively little regard for di?fraction e?fects. Further, unlike 
a conventional light-scattering screen, such a hybrid device 
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may be displaced slightly from the intermediate image 
Without forcing the ?nal image out of focus, providing yet 
another degree of freedom for the optical designer. 

The present invention therefore advantageously provides 
an optical system design Which naturally and signi?cantly 
reduces aberrations Without the bulk or expense typical of 
conventional designs. Such reduction therefore provides a 
design Which can be exploited to yield larger ?elds of vieW, 
larger exit pupils and larger eye reliefs than knoWn imaging 
designs, While employing a compact system requiring rela 
tively feW imaging system elements. Thus, the present 
invention is ideally suited for imaging systems such as used 
in magni?ers, cameras, head-mounted displays, telescopes, 
microscopes, and binocular instruments. It Will be under 
stood that modi?cations to the invention might occur to one 
With skill in the ?eld of the invention Within the scope of the 
appended claims. All embodiments contemplated hereunder 
Which achieve the objects of the invention have therefore not 
been shoWn in complete detail. Other embodiments may be 
developed Without departing from the spirit of the invention 
or from the scope of the appended claims. 

I claim: 
1. An optical imaging system comprising: 
an object imaging means for forming an intermediate 

image of an object image, said object imaging means 
producing particular aberrations in the intermediate 
image; 

means for reversing at least some of the aberrations in the 
intermediate image comprising a convergent re?ective 
medium positioned proximate the intermediate image; 
and 

a re-imaging means for re-imaging the intermediate image 
re?ected by said re?ective medium, said re-imaging 
means producing image aberrations similar to the aber 
rations produced by said object imaging means, thereby 
substantially cancelling the aberrations reversed by 
said reversing means in the re-imaged intermediate 
image. 

2. The system of claim 1 Wherein said convergent re?ec 
tive medium comprises a concave mirror. 

3. The system of claim 2 Wherein said concave mirror 
further comprises a Fresnel structure formed on [the] a 
mirror surface of said concave mirror. 

4. The system of claim 2 Wherein said concave mirror 
further comprises a concave mirror substrate having a front 
surface and a back surface provided With a re?ective 
coating, Wherein said mirror substrate corrects optical aber 
rations in said intermediate image produced by said object 
imaging means, and precorrects for optical aberrations pro 
duced by said re-imaging means after said intermediate 
image is re?ected by said re?ective coating. 

5. The system of claim 1 Wherein said convergent re?ec 
tive medium comprises a ?at Fresnel mirror. 

6. The system of claim 1 further comprising a beam 
splitter positioned betWeen said object imaging means and 
[said] a re?ective surface of said re?ective medium for 
imaging the intermediate image re?ected by said re?ective 
medium to said re-imaging means. 

7. The system of claim 1 Wherein said means for forming 
an intermediate image comprises a projection means Which 
produces a modulated scanning light beam to form the 
intermediate image, and said convergent re?ective medium 
comprises a concave projection screen positioned substan 
tially at the intermediate image. 

8. The system of claim 7 Wherein the light forming said 
intermediate image has a predetermined cone of incidence, 
and said concave projection screen comprises means for 
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10 
redistributing the light incident on any point of the screen 
surface into a cone of exodus larger than said cone of 
incidence. 

9. The system of claim 1 Wherein the light forming said 
intermediate image has a predetermined cone of incidence, 
and said means for reversing further comprises means for 
redistributing the light incident on any point of said con 
vergent re?ective medium into a cone of exodus larger than 
said cone of incidence. 

10. An optical system as recited in claim 1, wherein said 
means for forming an intermediate image comprises a 
projection means comprising a modulated scanning light 
beam to form said intermediate image. 

1]. An optical system, comprising: 
a. an imaging meansforforming an intermediate image, 

wherein said imaging means produces at least one?rst 
aberration in light exiting said imaging means; 

b. a means for substantially reversing at least one said 
first aberration; and 

c. a re-imaging means for re-imaging said intermediate 
image, wherein said re-imaging means produces at 
least one second aberration, and said at least one 
second aberration substantially cancels at least one 
said first aberration reversed by said reversing means. 

12. An optical system as recited in claim 1], wherein said 
imaging means comprises a positive lens, wherein said 
positive lens produces at least one said first aberration, and 
said at least one said first aberration produced by said 
positive lens is similar to at least one said second aberra 
tion. 

13. An optical system as recited in claim 1], wherein said 
imaging means forms said intermediate image from an 
image produced by an electronic imaging device. 

14. An optical system as recited in claim 1], further 
comprising a beam splitter positioned between said imaging 
means and said means for reversing at least one said?rst 
aberration, wherein said beam splitter directs light from 
said imaging means to said meansfor reversing at least one 
said first aberration. 

15. An optical system as recited in claim 1], further 
comprising a beam splitter positioned between said means 
for reversing at least one said first aberration and said 
re-imaging means, wherein said beam splitter directs light 
re?ected by said means for reversing at least one said first 
aberration to said re-imaging means. 

16. An optical system as recited in claim 1], wherein said 
means for reversing at least one said first aberration com 
prises a convergent re?ective medium. 

17. An optical system as recited in claim 1], further 
comprising a light redistributing means positioned proxi 
mate to said intermediate image for expanding a cone of 
light incident on said redistributing means into a larger cone 
of exodus. 

18. An optical system as recited in claim 1 7, wherein said 
imaging means comprises a modulated scanning light beam 
to form said intermediate image. 

19. An optical system as recited in claim 1 7, wherein said 
light redistributing means is re?ective. 

20. An optical system as recited in claim 1], further 
comprising a light redistributing means positioned proxi 
mate to said intermediate image, wherein said light redis 
tributing means expands an exit pupil of said re-imaging 
means. 

2]. An optical system as recited in claim 20, wherein said 
imaging means comprises a modulated scanning light beam 
to form said intermediate image. 

22. An optical system as recited in claim 20, wherein said 
light redistributing means is re?ective. 
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23. An optical system as recited in claim 1], wherein said 
means for substantially reversing at least one said ?rst 
aberration comprises a convergent optical element. 

24. An optical system, comprising: 
a. an imaging meansforforming an intermediate image, 

wherein said imaging means produces at least one?rst 
aberration in light exiting said imaging means; 

b. a means for substantially reversing the direction of a 
center of a light ray bundle exiting said imaging 
means; and 

c. a re-imaging means for re-imaging said intermediate 
image, wherein said re-imaging means produces at 
least one second aberration, and said at least one 
second aberration substantially cancels at least one 
said ?rst aberration. 

25. An optical system as recited in claim 24, further 
comprising a light redistributing means positioned proxi 
mate to said intermediate image for expanding a cone of 
light incident on said redistributing means into a larger cone 
of exodus. 

26. An optical system as recited in claim 25, wherein said 
imaging means comprises a modulated scanning light beam 
to form said intermediate image. 

27. An optical system as recited in claim 25, wherein said 
light redistributing means is re?ective. 

28. An optical system as recited in claim 24, further 
comprising a light redistributing means positioned proxi 
mate to said intermediate image, wherein said light redis 
tributing means expands an exit pupil ofsaid re-imaging 
means. 

29. An optical system as recited in claim 28, wherein said 
imaging means comprises a modulated scanning light beam 
to form said intermediate image. 

30. An optical system as recited in claim 28, wherein said 
light redistributing means is re?ective. 

3]. An optical system as recited in claim 24, wherein said 
means for substantially reversing the direction of a center of 
a light ray bundle exiting said imaging means comprises a 
convergent optical element. 

32. An optical system, comprising: 
a. an imaging meansforforming an intermediate image, 

wherein said imaging means produces at least one?rst 
aberration in said intermediate image; 

b. a curved surface proximate to said intermediate image 
comprising a light redistributing means for expanding 
a cone of light incident on said surface into a larger 
cone of exodus, whereby said curved surface reverses 
at least one said ?rst aberration; and 

c. a re-imaging means for re-imaging said intermediate 
image, wherein said re-imaging means intercepts a 
substantial portion of light from said curved surface, 
wherein said re-imaging means produces at least one 
second aberration similar to said at least one ?rst 
aberration, thereby thereby canceling or reducing said 
at least one ?rst aberration reversed by said curved 

surface. 
33. An optical system, comprising: 
a. an imaging meansforforming an intermediate image, 

wherein said imaging means produces at least one?rst 
aberration in said intermediate image; 

b. a meansfor reversing at least one said?rst aberration 
in said intermediate image, wherein said means for 
reversing at least one said ?rst aberration comprises a 
convergent re?ective medium; and 

c. a re-imaging means for re-imaging said intermediate 
image re?ected by said convergent re?ective medium, 
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wherein said re-imaging means produces at least one 
second aberration similar to said at least one ?rst 
aberration, thereby canceling or reducing said at least 
one ?rst aberration reversed by said reversing means in 
said re-imaged intermediate image. 

34. An optical system as recited in claim 33, wherein said 
convergent re?ective medium comprises a concave mirror 

35. An optical system as recited in claim 33, further 
comprising a beam splitter positioned between said conver 
gent re?ective medium and said re-imaging means, wherein 
said beam splitter directs light re?ected by said convergent 
re?ective medium to said re-imaging means. 

36. An optical system as recited in claim 33, wherein said 
convergent re?ective medium comprises a concave projec 
tion screen proximate to said intermediate image, and said 
means for forming an intermediate image comprises a 
projection means comprising a modulated scanning light 
beam to form said intermediate image. 

37. An optical system as recited in claim 33, wherein said 
means for forming an intermediate image comprises a 
projection means comprising a modulated scanning light 
beam to form said intermediate image. 

38. An optical system as recited in claim 33, wherein said 
means for reversing further comprises means for redistrib 
uting the light incident on a point of said convergent 
re?ective medium into a cone of exodus larger than said 
cone of incidence. 

39. A method ofgenerating an image, comprising: 
a. forming an intermediate image, wherein said interme 

diate image is characterized by at least one ?rst 
aberration; 

b. reversing a sign ofsaid at least one?rst aberration in 
said intermediate image with a convergent re?ective 
element; and 

c. forming an imagefrom said intermediate image with a 
re-imaging means, wherein said re-imaging means is 
characterized by at least one second aberration that is 
at least similar to said at least one ?rst aberration. 

40. A method ofgenerating an image as recited in claim 
39, wherein said intermediate image is formed with an 
imaging means comprising at least one positive optical 
element, said re-imaging means comprises at least one 
positive optical element, and said convergent re?ective 
element produces negative aberration contributions that 
compensate at least one aberration contribution from said 
positive optical elements of said imaging means and said 
re-imaging means. 

4]. A method ofgenerating an image as recited in claim 
3 9, wherein said convergent re?ective element comprises an 
element selected from the group consisting of a convergent 
mirror and a convergent Fresnel re?ector 

42. A method ofgenerating an image as recited in claim 
39, wherein said intermediate image isformedproximate to 
said convergent re?ective element. 

43. An optical system, comprising: 
a. a scanning modulated beam oflight; 

b. a projection surface comprising a light redistributing 
means, wherein an intensity of said beam of light is 
modulated to form an intermediate image on said 
projection surface, and said projection surface com 
prises a surface that absorbs light from said beam of 
light and emits light as an intermediate image; and 

c. a re-imaging means, wherein said re-imaging means 
forms a virtual image ofsaid intermediate imagefrom 
lightfrom saidprojection surface through an exitpupil 
viewable by an eye. 
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44. An optical system, comprising: 
a. a scanning modulated beam of light, wherein said 

modulated beam oflight comprisespolychromatic light 
and said modulated beam of l ight is pre-aberrated so as 
to accommodate chromatic aberration by said 
re-imaging means; 

b. a projection surface comprising a light redistributing 
means, wherein an intensity of said beam of light is 
modulated to form an intermediate image on said 
projection surface; and 

c. a re-imaging means, wherein said re-imaging means 
forms a virtual image ofsaid intermediate imagefrom 
lightfrom saidprojection surface through an exitpupil 
viewable by an eye. 

45. An optical system, comprising: 
a. a scanning modulated beam oflight; 

b. a projection surface comprising a light redistributing 
means, wherein an intensity of said beam of light is 
modulated to form an intermediate image on said 
projection surface; 

c. a re-imaging means, wherein said re-imaging means 
forms a virtual image ofsaid intermediate imagefrom 
lightfrom saidprojection surface through an exitpupil 
viewable by an eye; and 

d. a beam splitter, wherein light from said scanning 
modulated image source re?ects of of said beam 
splitter, then re?ects of of said projection surface, then 
passes through said beam splitter, and then passes 
through said re-imaging means. 

46. An optical system as recited in claim 45, wherein said 
beam splitter comprises an optical element selected from the 
group consisting of a ?at window with a partially re?ective 
coating, a ?at multi-stack window, a polarizing beam 
splitter, and a cube beam splitter 

47. An optical system, comprising: 
a. a means forforming a?rst image, wherein said?rst 

image comprises at least one image color component, 
and said ?rst image is pre-aberrated with a ?rst lateral 
chromatic aberration; and 

b. a re-imaging meansforforming a second imagefrom 
said?rst image, wherein said re-imaging means causes 
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a second lateral chromatic aberration of said second 
image relative to said ?rst image, and said second 
lateral chromatic aberration of said second image 
caused by said re-imaging means substantially cancels 
said ?rst lateral chromatic aberration of said ?rst 
image. 

48. An optical system as recited in claim 47, wherein said 
re-imaging meansforms a virtual image. 

49. An optical system as recited in claim 47, wherein said 
re-imaging means comprises a lens. 

50. An optical system as recited in claim 47, wherein said 
second image isformed at a substantial distancefrom said 
optical system. 

5]. An optical system as recited in claim 47, wherein said 
means for forming said ?rst image comprises an electronic 
imaging device. 

52. An optical system as recited in claim 5], wherein said 
?rst image comprises a plurality ofcolor components, and 
each color component is formed so as to pre-aberrate said 
?rst image. 

53. A method ofgenerating an image, comprising: 
a. forming a?rst image, wherein said?rst image com 

prises at least one image color component, and said 
?rst image is pre-aberrated with a ?rst lateral chro 
matic aberration; and 

b. forming a second imagefrom said?rst image, wherein 
the operation offorming said second image causes a 
second lateral chromatic aberration of said second 
image relative to said ?rst image, and said second 
lateral chromatic aberration of said second image 
substantially cancels said ?rst lateral chromatic aber 
ration ofsaid?rst image. 

54. A method ofgenerating an image as recited in claim 
53, wherein said second image is a virtual image. 

55. A method ofgenerating an image as recited in claim 
53, wherein said second image is formed at a substantial 
distance from said ?rst image. 

56. A method ofgenerating an image as recited in claim 
53, wherein said?rst image comprises a plurality ofcolor 
components, and each color component is formed so as to 
pre-aberrate said ?rst image. 


