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Abstract

The Majority of imaging systems require optical lenses to increase the light through-

put as well as to form an isomorphic mapping. Advances in optical lenses improve

observing power. However, as imaging resolution reaches about the magnitude of

108 or higher, such as gigapixel cameras, the conventional monolithic lens architec-

ture and processing routine is no longer sustainable due to the non-linearly increased

optical size, weight, complexity and therefore the overall cost. The information ef-

ficiency measured by pixels per unit-cost drops drastically as the aperture size and

field of view (FoV) march toward extreme values. On the one hand, reducing the

up-scaled wavefront error to a fraction of wavelength requires more surfaces and

more complex figures. On the other hand, the scheme of sampling 3-dimensional

scenes with a single 2-dimensional aperture does not scale well, when the sampling

space is extended. Correction for shift-varying sampling and non-uniform luminance

aggravated by wide-field angles can easily lead to an explosion of the lens complexity.

Parallel cameras utilize multiple apertures and discrete focal planes to reduce

camera complexity via the principle of divide and conquer. The high information

efficiency of lenses with small aperture and narrow FoV is preserved. Also, modular

design gives flexibility in configuration and reconfiguration, provides easy adaptation

and inexpensive maintenance.

Multiscale lens design utilizes optical elements in various size scales. Large aper-

ture optics collects light coherently, and small aperture optics enable efficient light
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processing. Monocentric multiscale (MMS) lenses exemplify this idea by adopting a

multi-layered spherical lens as the front objective and an array of microcameras at

the rear for segmenting and relaying the wide-field image onto disjoint focal planes.

First generation as-constructed MMS lenses adopted Keplerian style, which features

a real intermediate image surface. In this dissertation, we investigate another design

style termed ”Galilean”, which eliminates the intermediate image surface, therefore

leading to significantly reduced lens size and weight.

The FoV shape of a parallel camera is determined by the formation of the camera

arrays. Arranging array cameras in myriad formations allows FoV to be captured in

different shapes. This flexibility in FoV format arrangement facilitates customized

camera applications and new visual experiences.

Parallel cameras can consist of dozens or even hundreds of imaging channels.

Each channel requires an independent focusing mechanism for all in focus capture.

The tight budget on packing space and expense desires small and inexpensive focus-

ing mechanism. This dissertation addresses this problem with the voice coil motor

(VCM) based focusing mechanism found on mobile platforms. We propose minia-

turized optics in long focal length designs, thus reduces the traveling range of the

focusing group, and enables universal focus.

Along the same line of building cost-efficient and small size lens systems, we

explore ways of making thin lenses with low telephoto ratios. We illustrate a cata-

dioptric design achieving a telephoto ratio of 0.35. The combination of high index

material and meta-surfaces could push this value down to 0.18, as shown by one of

our design examples.
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1

Introduction

The optical lens system is the "heart" to a camera analogous to the CPU of a

computer system. Other subsystems function as supporting components. Along

with the photosensitive �lm/detector, the lens system is designated and speci�ed in

the �rst place. Other components such as mechanical housing, focusing mechanism,

and diaphragm are designed and constructed afterwards. The quality of the lens

system is a fundamental indicator of the performance of the whole imaging system.

Over the past decade, the lens systems have been revolutionized by technology

advances in design tools, materials, manufacturing and computer aided design. The

information capacity has skyrocketed to tens of megapixels compared with several

thousands or tens of thousands pixels in the early stages of the photography. Tradi-

tional consumer camera products represented by the digital single-lens re
ex (DSLR)

platform are rapidly losing their market share to the miniaturized camera products

on mobile and wearable platforms. These miniature camera modules illustrate that

small scale optics have high potential in the imaging industry.

The information capacity of an imaging lens is directly related to its observing
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power and meanwhile, the lens cost determines its availability and commercial value.

Persistent research has been directed into seeking approaches to building imaging

systems of high information capacity under low cost. The innovation in lens de-

sign, design tools, and new optical materials has been pursued for centuries. The

performance of today's lens systems is much superior compared with the lenses in

the early times. Lens technology has become so advanced that powerful all-in-one

lenses are being constructed and meet extreme application needs. Lenses can vary

in FoV, focal length and aperture size over unprecedented ranges while still keep-

ing high image quality. Nevertheless, this tremendous increase in lens capacity is

achieved with nearly proportional growth in lens bulk, weight and complexity. In

other words, the information e�ciency measured by pixel numbers per unit cost has

improved insigni�cantly compared with lens systems many decades ago.

Researchers are eager to �nd ways of building powerful imaging systems without

raising the cost too much. After the invention of electronic focal plane arrays (FPA)

such as charge coupled devices (CCD) and complementary metal-oxide semiconduc-

tors (CMOS), the camera industry entered the digital age. Combined with ubiquitous

computational power, computational imaging emerged as a new and promising can-

didate in imaging system development. Although new concepts and ideas are being

demonstrated, successful strategies su�cient for entering commercial applications

are limited, and the majority of them are still struggling in the laboratory stage. Ill-

conditioned forward models and severe noise issues, both of which are mostly derived

from either abandoning the traditional focal lens or downplay the role of the lens, are

two major factors behind a unsatisfactory performance of many computational imag-

ing methods. Lenses focus light from one object point to one image point, which on

one hand reserve the sparsity of the modes, and on the other concentrate the signal

energy. Both properties serve to produce high signal to noise ratios (SNR).

Field curvature is one of major obstacles to building lenses of wide �eld of view
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(FoV). The �eld curvature causes a curved image surface ill-matched to available 
at

image sensors. Due to this aberration, image quality degrades quadratically with

FoV. Correcting for this degradation could cause an abrupt surge in lens size and

complexity. Besides �eld curvature, other types of aberration also con
ict with ex-

tended FoV. To overcome this di�culty without abandoning lenses as a fundamental

tool of imaging, we seek new lens architectures for building high space-bandwidth

product (SBP) imaging systems with small size, low weight and simple composition.

The idea of parallel cameras was proposed by DISP to produce camera devices of

unprecedented information capacity under well controlled cost budget[1].

Parallel cameras or camera arrays have been studied and implemented for many

years, dating back to Muybridge's famous study on horse motion[2], which be-

gan a tradition of using camera arrays to enhance temporal sampling rate to ac-

complish high-speed photography[3],[ 4],[ 5],[ 6]. Inspired by these works, cam-

era arrays are also employed to improve imaging performance along other dimen-

sions of image volume, such as high dynamic range, increased spatial resolution,

view interpolation, and among others[7],[ 8],[ 9],[ 10]. Another motivation for re-

searches on camera arrays derives from the emulation of compound eyes of in-

sects. "Bug eyes " are bene�cial in producing compact imagers with thin optical

con�guration[11]. Recent works on these biologically inspired imagers focus on digi-

tal super-resolution[12],[ 13]. The high SBP from camera arrays is also attractive for

light �eld applications, where spatial resolution is traded for multi-view and multi-

focal ranges image reconstruction[14],[ 15],[ 16]. Examples of array cameras can also

be found in virtual reality(VR) and augmented reality(AR), where panoramic im-

ages of �ne resolution are required for providing immersive visual experience and

three-dimensional imaging[17]. In large scale imaging, such as astrophotography and

aerial surveillance, projects including LSST[18], Pan-STARRS[19], and ARGUS[20]

have exploited the high information capacity and relatively low cost of camera arrays
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to capture images in a gigapixel scale.

Parallel cameras take a distributed problem solving approach to the �eld of op-

tical imaging, and leverage the high processing e�ciency shown by small aperture

optics. However, this method is not just a trivial gathering of multiple indepen-

dent cameras. The design considerations and development process can be vastly

di�erent from those of traditional homogenous cameras. For instance, homogenous

lens design mostly focuses on combating geometric aberrations, while designs in the

parallel framework demand decisions on sub-FoV overlap, granularity of the array,

array packing, independent focusing, and aberration elimination. Parallel cameras

exploit many state of the art technologies in optics, semiconductor manufacturing,

algorithms and computation, and align with today's demand for "super cameras"

to see everything. In this dissertation, I elaborate on several primary topics on the

optical design for parallel cameras.

1.1 Motivation of the dissertation

Technological advances, including aspheric surfaces, new optical materials, and computer-

aided design tools, have revolutionized the lens industry. Basic lens architecture and

design routines have been stable for hundreds of years. Speci�cally, the general ar-

chitecture of the majority of lens systems is built upon a 2D aperture and a single

focal plane. This conventional lens architecture is termed as monolithic lens design.

This lens design convention gives rise to many tradeo�s. The tradeo� between FoV

and spatial resolution derives from limited information capacity. The information

capacity of a lens system is re
ected in two aspects. One is the total number of re-

solvable imaging spots or resolution elements. The other is the sampling uniformity.

On the one hand, one can boost up the resolution elements by increasing optical

complexity. However, this path solicits unwanted cost rise, including increased size,
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weight and manufacturing expense. To make it worse, the relationship between the

cost and pixel boost is usually nonlinear, which means information e�ciency mea-

sured by pixel per unit cost drops down as lens system grows in complexity. On the

other, the resolution gain does not apply to the whole FoV uniformly. Similar to the

cosine fourth law of illumination fallo�, the boosted resolution elements prioritize the

region in the vicinity of the optical axis. To put it another way, image spot size on

the center FoV is already di�raction limited while the spot size on the outer part of

FoV barely changes during the process of optical design. In [1], DISP proposed the

parallel cameras as the new paradigm for the next generation camera instruments.

Parallel cameras are built upon multiple apertures and discrete focal planes. The

optics of the camera unit works in the scale of high information e�ciency with high

pixel per unit cost. The resolution elements in the gigapxiel level can be achieved

under a compact form factor, simple lens design, and low cost. Additionally, optics

in a parallel camera does not have a chief optical axis. Therefore, there is no hard

distinction between on-axis and o�-axis FoVs. Consequently, the non-uniformity in

sampling and illumination can be mitigated substantially. [21]

1.2 Organization and overview of the dissertation

Imaging lenses are essentially signal sampling systems. This dissertation will �rst

exam the sampling characteristics of the conventional monolithic lenses from the

perspective of wave and geometric aberrations. Inherent insu�ciency and drawbacks

motivate us to propose parallel lenses as the remedy and solution for next generation

cameras. The main body of the dissertation elaborates on design considerations and

challenges associated with parallel lenses, including monocentric multiscale lenses

of Galilean style, FoV arrangements of parallel cameras, and independent focusing

mechanisms. At the end of the manuscript, I will discuss several topics related to
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thin lenses and thin cameras.

1.2.1 Information capacity and camera architectures

High-end modern lenses are capable of capturing high quality images with tens of

megapixel resolution. This performance is acquired via burdensome design work

and expensive manufacturing costs. The lens mapping between the object space and

image space can be described as a sampling process. With regard to the point spread

function (PSF), a real imaging lens is generally not a shift-invariant system along

any one of the three dimensions. Sampling properties are determined by di�raction

and geometric aberration jointly. Therefore, we dissect traditional lens systems from

the perspectives of di�raction and aberration, respectively. The revealed knowledge

and insight inevitably points us to our proposed lens architecture for new generation

cameras devices.

The de�ning features of the traditional monolithic lenses are a single aperture

stop and a single image sensor plane. Chapter 2 �rst discusses the sampling capac-

ity of single-aperture lenses owing to the di�raction e�ect. The resolution element

distribution in 3D object space is demonstrated, and its inherent disadvantages in

applications of wide-angle imaging, 3D imaging and gigapixel imaging are discussed.

The second part of this chapter introduces relationships between geometric aberra-

tion and lens scale as well as lens FoV. Aberrations cause nonlinearly grown lens

complexity as the scale or FoV increases. Consequently, lens systems of large scale

or wide FoV invariably lead to low information e�ciency measured by pixels per unit

cost. The corollary of our diagnosis on the traditional lens is that the monolithic

architecture should make a place for parallel lens approach where the constraints of

a single aperture and a single imaging sensor are to be removed.
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1.2.2 Monocentric multiscale design of Galilean style

In 2009, Dr. Brady and Dr. Hagen at Duke University proposed the multiscale lens

design method, falling to the category of parallel architecture. Multiscale lens design

advocates a hybrid use of optics in di�erent scales to increase information e�ciency

in wide angle imaging applications. Large scale lens elements are positioned in the

front of the system to collect as much light as possible while the small scale elements

are sitting at the back for localized processing of subsections of the �eld. Currently,

the primarily investigated multiscale design is the monocentric multiscale (MMS)

lens. MMS consists of optics of two di�erent scales, a monocentric lens of large

scale forms a spherical intermediate image surface and an array of small scale lenses

segment and relay the intermediate image surface onto many discrete image detec-

tors. The AWARE (Advanced Wide-FOV Architectures for Image Reconstruction

and Exploitation) project implemented MMS lenses for gigapixel imagery, the as-

constructed cameras capture and process images of simultaneous wide FoV and high

resolution building upon resolution elements in gigapixel scale. The MMS lenses

in AWARE cameras are based on a layout type called Keplerian style. Keplerian

style has this problem that features a long track length and relatively complex lens

composition.

Chapter 3 introduces the MMS lens of Galilean style. Galilean style eliminates

the intermediate image by placing the secondary optics before the focal surface of

the primary objective lens. Two bene�ts result from this simple modi�cation. The

size of the whole optical system is reduced, and the construction of the optics is

simpli�ed due to improved aberration characteristics. Based on this upgraded MMS

lens design method, the second half of the chapter elaborates on the modular design

concept implemented in optics. It is natural to connect parallel lens design with

the concept of design in modularity. The design in modularity o�ers many merits
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that could be transferred to the parallel lens promptly. In chapter 3, we explore the


exibility in con�guring various FoV formations, varifocal design, and other freedoms

o�ered by parallel architecture.

1.2.3 Distributed focus and digital zoom

Cameras of high quality should be equipped with basic means to zoom and focus.

The zoom ability enables a view shift between a wide �eld on global picture and a

narrow �eld on local details. Focusing is indispensable for obtaining images of high

contrast.

Zoom operation can be classi�ed into two groups, optical zoom and digital zoom.

Optical zoom is a true zoom feature, i.e., through the axial translation of lens ele-

ments/groups. Optical zoom requires intricate driving and control mechanism, which

need ample space and sophisticated mechanics to support the operation. In contrast,

the digital zoom requires only adequate space bandwidth product from the captured

image, and high pixel number of parallel cameras is quite suitable for this measure-

ment.

Parallel cameras consist of tens or even hundreds of sub-channels; each channel

covers a di�erent object space. For clear and sharp images, independent focusing is

necessary. Nonetheless, implementing focusing on a large number of imaging channels

poses a challenging task. First of all, cost and reliability are the key. With hundreds

of channels, even a small rise in the costs or small increase in the fault rate, will

be ampli�ed by a big multiplying factor. Secondly, the size needs to be under tight

control, since the lens arrays are usually pact together tightly, large size focusing

mechanism either cannot �t into the constrained space or leads to signi�cant growth

of the total volume.

Chapter 4 elaborates on focusing and zoom related issues for parallel cameras.

The core actuator in supporting our proposition in this chapter is voice coil motor
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(VCM), massively produced and used in camera modules in cellphone devices. The

price is low due to the mass production economy. The size is tiny with a thickness

less than 5mm, and �erce market competition has been continuously re�ning the

performance and reliability. This chapter will discuss issues associated with adapting

the o�-shelf miniaturized focusing mechanism to �t the application of normal lenses.

"Normal" here refers to lenses with focal length one magnitude greater than lenses

used in mobile phone platforms. I will discuss lens design with a tightly constrained

backside due to the small focusing group, traveling range reduction, and universal

focusing.

1.2.4 Thin lenses

Thin cameras are highly desirable in applications with tight size and weight con-

straints. In the customer electronics market, the need for thin cameras has grown

along with the mobile and wearable camera applications over the past 20 years. Sev-

eral groups have recently demonstrated thin optical elements based on metamaterials[22],[

23],[ 24], geometric phase modulation or di�ractive elements[25],[ 26]. Previous thin

camera design strategies focus on folded optics[27],[ 28],[ 29], multi-aperture sam-

pling and coded apertures[11],[ 12],[ 13],[ 30]. The relative success of these e�orts

may be evaluated using the telephoto ratio, e.g. the thickness of the optical system

divided by the e�ective focal length.
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2

Information capacity and lens architectures

Focal imaging systems began with the camera obscura idea dating back to 500 years

ago[31]. The camera obscura, or pinhole cameras, consist of dark box or room

with a small opening on one side wall. Light traveled through the small opening

and formed an image on the opposite surface. To obtain sharp images, the pinhole

must be su�ciently small (not too small to incur signi�cant di�raction). However, a

small pinhole incurs increased spot size from di�raction and also leads to decreased

brightness. The introduction of optical elements, i.e., lenses, has been used to address

this di�culty. Nonetheless, the cost here is geometric aberrations.

Combating geometric aberrations is hard, especially when demanded informa-

tion throughput is high. Computational imaging has emerged as an alternative path

for circumventing complex hardware. A classical scheme is coded aperture imaging

systems. Coded aperture imagers are traditionally used in domain of high photon

energy, such as X-ray and gamma-ray imaging[32],[ 33], since focusing lens are un-

available in this wavelength region. Recently, coded aperture imaging has become

popular in optical imaging.[34],[ 35],[ 36],[ 37],[ 38],[ 39]. Despite many alleged ben-
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e�ts, these systems su�er from low signal to noise ratio (SNR) due to ill-conditioned

forward model. In contrast, a lens can bring all the light from a single object point

into a single image point, and high modulation transfer function (MTF) is empha-

sized. As a result, information about the signal modes is preserved therefore high

SNR is easy to achieve. Therefore, abandoning imaging lenses is not a good idea.

In this chapter, we investigate lens systems from the perspective of di�raction and

geometric aberrations. Since new methods can only be successful if lessons are drawn

and proven failures are avoided from old traditions. To conduct the examination,

two physical phenomena are critical. One is di�raction, and the other is geometric

aberration. Di�raction is derived from the wave nature of light and �nite-sized

lens apertures. The geometric aberrations derive from the imperfection of optical

surfaces. This imperfection does not refer to manufacturing errors. Rather it means

that refractive/re
ective surfaces are incapable of delivering ideal wavefronts.

Di�raction is related to the aperture of imaging systems. For an object point, its

distance from the aperture, and angle with the normal of the aperture plane jointly

determine di�raction limited spot. From the perspective of di�raction, lens imaging

systems are not shift-invariant which results in non-uniform sampling in object space.

This character of traditional single aperture lens systems lays a major obstacle for

designing lenses of wide angle and high resolution. Geometric aberrations scale non-

linearly with the aperture of optics as well as FoV angle. Consequently, lens systems

with large scale, high complexity often indicate low information e�ciency measured

by pixel counts per unit cost.

Our analysis points to parallel cameras as a better camera architecture with high

information e�ciency. Under this new paradigm, lenses are built in optimal scale

and architecture, where both the di�raction and geometric aberration can be easily

dealt with. Therefore, gigapxiel imaging is available under reasonable system size,

weight and costs.
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A host of criteria can be used for evaluation of lens performance, including mod-

ulation transfer function (MTF), dynamic range, distortion, color �delity, noise, soft

background, and even shape of bokeh. Many of these criteria are from the perspective

of aesthetic value which as topics in art can be rather subjective. In this dissertation,

we treat the imaging systems as purely signal collection devices. For our discussion,

the information e�ciency measured by the resolvable pixel numbers per unit cost is

the solely valued metric. Here the cost refers to an overall evaluation of the system

weight, size, manufacturing cost, and among others. The higher the pixel numbers

per unit cost, the better is the performance by our standard. For example, a cellular

phone camera module capturing clear images over wide depth of �eld is considered to

be of greater performance than a state of art digital single lens re
ex camera (DSLR)

or narrow DoF, despite beautiful blurred patterns and well-emphasized highlights are

more desired features from the perspective of art, since the pixels per unit cost of

the former is far higher than that of the latter.

2.1 Topic introduction and motivation

Three major parameters de�ne an imaging lens system, including focal length, aper-

ture size and FoV. The focal length determines the magni�cation, aperture size

decides the light energy 
ux and di�raction limited image spot size while the FoV

tells the scope of the transverse coverage. These three parameters are not indepen-

dent from each other. The focal length and FoV are inversely related via the size of

the detector, and aperture size is also constrained by the focal length related by the

F-number. From the point view of maximizing the information capacity, one would

like to build lenses of wide FoV and large aperture. Wide FoV and large aperture

indicates great etendue and high SBP. However, cost and other constraints such as

volume and weight also tends to increase along with the information capacity. Design
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e�ort and skill are required to maximize the information capacity under restricted

cost, volume and weight budget.

Figure 2.1 : Perspective imaging with lenses.

As shown in Fig.2.1, to bring beam of light from a object pointPpxo; yo; zoq to

focus at its corresponding image pointP1pMx o; Myo; �z oq, the lens much exert a

phase modulation to the incoming waves expressed by

	 px; y; xo; yo; zo; � q �
2�
�

circp

a
x2 � y2

D
q
� a

px � xoq2 � p y � yoq2 � zo
2

�
a

px � Mx oq2 � p y � Myoq2 � p �z oq2 �
a

xo
2 � yo

2 � zo
2

�
a

pMx oq2 � p Myoq2 � p �z oq2 � 	 o

�

(2.1)

whereD is aperture size,M represents transverse magni�cation,� is axial mag-

ni�cation, and 	 o is a phase constant determined by the optical path delay at the

center of the lens pupil. Due to the rotational symmetry, this phase modulation

function 	 px; y; xo; yo; zoq has four independent variables.
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A ideal lens should be able to deliver this optical path modulation to the beams of

light originated from any object points embedded in a 3D space. Unfortunately, there

is no such element or structure in our 3D world, which is able to produce the 4D phase

modulation function in Eqn.2.1 precisely. Lens design is a work of approximating

this function within restricted variable space while performing cost control. The

speci�cation on FoV limits the range of xo; yo, aperture size limits the range of

x; y and operating range depth limitszo. The available means in the designers' hand

include adding more optical surfaces, complex surface �gures, variation on materials,

and among others.

The deviation from the idea phase modulation in Eqn.2.1 is called wavefront aber-

ration. The geometric aberrations are the derivative of the wavefront aberration with

respect to the pupil coordinates. For easy understanding and analysis, aberrations

are usually written in the form of polynomials of �eld and pupil coordinates. The

well known �ve Seidel aberrations refer to the third-order ray aberrations or fourth-

order wave aberrations, including the spherical aberration, coma, astigmatism, �eld

curvature and distortion[40]. For lens systems of small aperture and narrow FoV,

the third-order aberrations approximation is su�cient to characterize aberration.

However, as the system grows in size or FoV, the higher order aberrations grow

in magnitude, and become non-negligible therefore contribute to the increased lens

complexity.

Even with ideal lenses, di�raction is proven to be another barrier for wide angle

and high resolution imaging. Shift-variant sampling derived from di�raction produces

image quality degradation when object point moves away from optical axis.

Although many technological innovations and advancements have been used to

improve the performance of the lens systems, the basic method and architecture

have be stable for hundreds of years. Either generating phase modulation in Eqn.2.1

or breaking di�raction limit under constrained budgets has been challenging and
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expensive. This chapter will help readers to navigate through the faults and merits

of the traditional monolithic lens design method, and based on the diagnosis we o�er

our unique way and approach to improving the lens design work substantially.

2.2 Aberrations of imaging lens systems

Optical imaging systems usually consist of a cascades of refractive/re
ective surfaces.

These train of surfaces are imperfect in transforming spherical waves. To measure

the imperfection, an ideal imaging model obtained through Gaussian approximation

is established for reference. The deviation from the ideal imaging model is de�ned

as lens aberrations. Lens aberrations are often described by geometric aberrations

as computed by ray tracing.

Any physical lens system at least su�ers from one or many of the aberrations.

In most cases, these aberrations are detrimental to imaging performance. Essen-

tially, the work of lens designers is to combating with aberrations and �nd the most

cost-e�ective way to get rid of them. Fig.9 shows the cutaway view of a common com-

mercial lens made up of more than ten elements of di�erent shapes and materials[41].

The complicated composition is dedicated to �ghting geometric aberrations.

The geometric aberrations are commonly described as a function of the system

coordinates, including the pupil coordinatesr; � and object coordinatesh. As shown

in Eqn.(2.2), the aberration function of an optical imaging system is usually expressed

as polynomials of three rotational invariantsh2, r 2, and hrcos� [42]. The relationship

between aberration behavior and the focal length or aperture size can be summarized

by the scaling laws for lens system. While the relationship between aberration and

FoV can be described by FoV laws for lens systems.
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Figure 2.2 : Cutaway view of Zeiss 15mm f/2.8 lens.

[41]

Wpr; h; � q � a000 � a020r 2 � a200h2 � a111rhcos�

� a400h4 � a311rh 3cos� � a220r 2h2 � a222r 2h2cos2�

� a131r 3hcos� � a040r 4 � a600r 6 � a511rh 5cos� � a420r 2h4

� a422r 2h4cos2� � a331r 3h3cos� � a333r 3h3cos3�

� a240r 4h2 � a242r 4h2cos2� � a151r 5hcos� � a060r 6:::

(2.2)

As shown in Fig.2.3, in Cartesian coordinates, the transverse aberrationTAx and

TAy is mathematically related to the wavefront aberrationW by

pTAx ; TAyq � �
R
n

p
BW
Bx

;
BW
By

q (2.3)

Geometric aberrations are the underlying cause of scaling laws for lens systems,

for aberrations scale linearly with scale of optics. As pupil coordinater increases,

image spot size resulted from aberrations grows accordingly; more complex lens

composition is demanded for suppressing the aberrations. In the composition of the
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Figure 2.3 : Wavefront aberration and transverse aberration.

wavefront aberration in Eqn.2.2, �eld coordinateh plays a symmetric role as the

pupil coordinate. Therefore, we conjectured the existence of a FoV laws in parallel

with the scaling laws for lens systems. As will be discussed in following sections,

the scaling laws imply the existence of optimal aperture sizes and the FoV laws

indicate the existence of optimal FoV sizes, in which information e�ciency measured

by pixels per unit cost is maximized. By building lens arrays in the optimal aperture

and FoV coverage, we can achieve unprecedented image resolution under minimized

size, weight and costs in optics.

2.2.1 Scaling laws for lens systems

If one desires to increase the number of resolution elements or SPB, it is natural to

enlarge the scale of the imaging lens as to enable greater light 
ux. However, since

the wavefront aberrations grows linearly with the size of the optics, the transverse

aberration as the �rst derivative of the wavefront aberrations also increase propor-

tionately. Consequently, for lens systems dominated by aberrations, scaling up lens

size cannot increase the lens SPB, despite light 
ux is increased. The scaling of the

wavefront aberrations can be reduced by raising the complexity of the lens composi-
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tion either by adding more elements, employing complex surface �gures or applying

new optical materials. All these measures add signi�cant extra cost on the base of

already proportionately scaled lens costs. The net e�ect is a drop-down on informa-

tion e�ciency. For example, considering a lens system grows in scale by a factor of

M and there are two possible cases. One is that the lens system has di�raction lim-

ited performance before and after the scale-up. Therefore the number of resolvable

pixels increases quadraticallyM 2N whereN represents the pixel number before the

scale-up. Meanwhile the cost with respect to increased volume and weight becomes

M 3C whereC denotes the original lens costs. The information e�ciency signi�ed as

the ratio between pixel number and cost becomes1M N {C whereN {C is the original

e�ciency, in other words, the e�ciency is decreased by a factor of 1
M . The second

possible case is that the lens is aberration limited, where the number of pixels re-

mains the sameN and the information e�ciency is 1
M 3 N {C. Suppose we correct for

the aberration to achieve di�raction limited performance by investing in extra cost

denoted asEC due to increased lens complexity, hence the information e�ciency

becomesM 3C� EC
M 2N . Depending on the signi�cance ofEC, this result could be better

or worse than 1
M 3 N {C, nonetheless always worse than1M N {C in any cases.

The preceding analysis seems to point to an in�nitely small lens which can max-

imize the information e�ciency. As the lens scale is reduced to comparable to the

wavelength, the geometric optics is no long valid and the previous conclusion ceases

to be valid. Moreover, small scale lenses stop down light 
ux therefore degrades the

dynamic range, low light performance and causes many other problems. As an em-

pirical law, the lens scale around 1000� bene�ts the most from the preceding scaling

laws of lens systems while incurs the least damaging e�ect[21]. In applications, the

choice on lens scale also depends on the scale of available image sensors.
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2.2.2 FoV laws for lens systems

FoV is the scope of the object space that is covered at an instantaneous moment

by an optical instrument. Specifying the FoV is not only application driven but

also cost driven. This section explores the relationship between the FoV and the

lens costs. Here lens costs are re
ected by volume, weight and number of elements.

As the same as the previous section, we use notationC to denote the lens costs.

Intuitively, the costs function C should depend on lens FoV, focal lengthf , aperture

size F {#, working wavelengths, pixel number, image distortion, luminance, and

even the designer's skills. Establishing a theory about relationship between the cost

function C with all the lens speci�cations would be too complicated. Here we only

try to investigate the relation between the costC and the FoV by �xing all other

variables. In other words, we only draw a cross-section of functionC along the axis

of FoV.

It is prohibitively challenging to establish an analytical expression of costsC

as a function of FoV, an explicit expression may not exit. Nonetheless, we can

still hope to deduce some important characters of the functionC experimentally.

Reasonably, increase in FoV should lead to raised cost, for total SBP is increased.

This simple intuition itself is not enough for composing a useful FoV laws for lens

systems. To draw a more detailed picture, a straightforward method is to portray the

function by data �tting from a large number of real lens designs. Although product

catalogs of major lens manufacturers could be handy resources, the problem is that

our experiment requires strictly controlled lens parameters but FoV. While the lens

parameters di�er widely in current camera lens catalogues, the commercial secrecy

about some of the parameters proves to be a real barrier for accurate data analysis.

To overcome this di�culty, we decide to generate our own lens design datasets using

the commercial lens design software Zemax OpticStudio(ZEMACS).
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Fig.2.4 shows the results from one of our lens design sets. In this design set,

each sample lens has 35mm focal length, 587 nm design wavelength, F/3.5 aperture

size, and all the elements are made of BK7 glass (Shott, Mainz). Besides keeping

these primary parameters identical, we also try our best to eliminate the e�ect of

other factors, and make sure the FoV is the only changing variable. One particular

challenge is to keep all lenses in the set having an "identical" imaging quality, which

can be indicated either by modulation transfer function (MTF) curves or image spot

sizes. To address this issue, we demand every design should achieve near di�raction

limited performance. Of course, for each set of design requirements, there are in�nite

number of valid design solutions. All these solutions vary in costs or complexities.

In each design, we trim away unnecessary expense in terms of system volume, weight

as well as the number of elements. Therefore, these design examples can represent

our best e�ort for pursuing a approximation of the "law of cost" in lens design. For

simplicity, we have designed and evaluated lenses at a single wavelength, neglecting

the chromatic aberration. On one hand, chromatic aberration is one of many geo-

metric aberrations, we assume the outlook of the cost function will not be changed by

ignoring the chromatic aberration. On the other hand, chromatic aberrations often

demand correction through the employment of di�erent lens materials, which would

also complicate the cost evaluation. To compensate for the chromatic aberration,

we can shift the cost function toward smaller FoV. Nevertheless, we assume that a

monochromatic design captures the essence of our analysis.

In this curve �tting experiment, we generate a lens dataset consisting of 9 lenses

with FoVs ranging from 5� to 80� . The detailed lens prescriptions are available in

lens design dataset the �rst part in Dataset 1 in supplementary materials (Ref. [43]).

The lens volume, overall weight and elements number of each design are chosen as

measurements of the cost separately. As shown in Fig.2.4, each dot in the plot

represents a design sample. We simply connect all the dots with dashed lines as the
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Figure 2.4 : Lens cost estimation in terms of system volume, weight and number
of elements. (a) Cost curves from the nine design examples. (b) Graphs of cost
per pixel plots showing information e�ciency.(c) Cost curves by applying lens array
strategy.[1]
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�tted cost function curves. In Fig.2.4 (a), both the curves of system volume and

overall weight resembles the shape of a exponentially growing function, while the

�tting curve of the elements number has the outlook of a linear function.

To answer the question of what is the optimal FoV which leads to the maximized

information e�ciency, we need one more step to process the data. The information

throughput of a lens is proportional to the area of the image plane, which can be

expressed as� pf tan p� qq2 , where� represents the semi-FOV of the lens. Dividing the

system volume, overall weight and the number of the elements by the pixel numbers

of each design, we obtain the plots shown in Fig.2.4 (b), in which, valley shaped

curves show up in volume per pixel as well as weight per pixel with the minimum

value located in place ofFOV � 30� . This result implies that for a set of �xed design

targets with varying FOV, there exists a speci�c FOV in which the system may have

the highest information e�ciency in terms of cost per pixel. Nonetheless, there is

a de
ection at the end of the curve, the design forFOV � 80� , rather than a rise

of information e�ciency. This is because we were unable to achieve a satisfactory

design at this limit. Assuming we want to achieve a desiredFoV of 80� , we must

instead use an array of lenses with each lens covers only a fracture of the whole FOV

and the desired FOV target can be pieced together by the group. The question is will

this strategy reduce the overall cost? As demonstrated in Fig.2.4 (c), the answer is

yes at least in this experiment case. The "dividing and conquer" solutions are always

optimal than using just a single aperture lens with the best solution corresponding to

a microcamera FOV 30� . It is worth noticing the number of elements per pixel and

that of under array lenses strategy decrease monotonously as theFOV increases,

which is not surprising, as the FOV increases, the number of the elements does

not increase signi�cantly compared with the volume and weight, instead, the small

aperture size elements are replaced by large aperture size elements. In other words,

pixel capacity increases much faster than the number of elements. However, a large
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number of small optics does not necessarily indicate a higher cost than that of a small

number of much larger optics, since the manufacturing processing is much easier in

the former case than that in the latter.

2.3 Di�raction and �nite sized aperture in imaging systems

2.3.1 Wave vector space circumscribed by 2D apertures

For any practical imaging systems, �nite aperture imposes a fundamental limit on

information capacity due to di�raction [31]. Assuming an incoherent imaging model,

the imaging system maps radiant intensity pro�le in the object space into an irra-

diance pro�le in the image space. The system implements a linear transformation

characterized by point spread function (PSF) and optical transfer function (OTF).

In real system analysis, the "shift-invariant" is assumed to be true locally. The PSF

and OTF only hold meaning in their small local areas.

Shift-invariant system approximation maintains accuracy only for paraxial area.

As the FoV increases, shift-variant characteristics become signi�cant regardless of

the performance of the lens. A updated account of this characteristics provides a

more comprehensive knowledge for imager design work.

As shown in Fig.2.5, a �nite sized aperture in a imaging system only receives a

fraction of the spherical wave emitted or re
ected by a object point. The received

beam of light form a ray cone, inside which each ray vector is represented by a

wave vector k with three componentspkx ; ky; kzq and magnitude of 2�
� where � is

the wavelength. Eachk represents a component of the Fourier domain of the object

space. According to Fourier uncertainty, the ambiguity in position of the object point

is inversely proportional to the ambiguity or range of itsk space. In an imaging

system, the position ambiguity has an equivalent name called spatial resolution.

The majority of imaging systems are rotationally symmetric, therefore we need

only exam object points on half of a meridional plane. Fig.2.5 shows the a ray
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Figure 2.5 : Ray bundle from object point with its k space circumscribed by a 2
dimensional aperture.

bundle originated from a object pointOpxo; 0; � zoq, wherexo and zo ¥ 0 in Cartesian

coordinates. A ray incident on the aperture positionPpd; �; 0q in polar coordinates

has ak vector as follows

k � p kx ; ky; kzq �
2�
�l

pdcosp� q � xo; dsinp� q; zoq (2.4)

whered is the radius of the pointP from the aperture center and� is the polar

angle with x axis, l �
a

x2
o � xodcosp� q � d2 � z2

o the distance between pointO and

the point P. Each wave vectork has three components,kx and ky are components

in tangential and saggital directions, whilekz is in axial direction. The 2D aperture

stops rays of light falling outside of aperture, therefore the pass range of wave vector

is con�ned within d   0:5D. This constraint on wave vector essentially narrows the

ambiguity on Fourier domain and consequently increases the ambiguity on spatial

domain, i.e. spatial resolution. To estimate the spatial resolution�r of any object

point along any one of the three directions, we can compute the unstopped wave

vector range�k r in the corresponding direction using the uncertainty relation�r �

2� { �k r .

To compute the wave vector range� k for a given object point and a speci�ed 2D
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circular aperture, we need to identify three boundary ray pairs, for each direction

requires a pair of boundary rays. The boundary ray pairs for the tangential direction

(x direction) are the top and bottom rays as shown in Fig.2.6 (a) and ray pairs for

the saggital direction (y direction) are the left and right ray pairs as shown in Fig.2.6

(b). The situation for the axial direction (z direction) are slightly tricky. As shown

in Fig.2.6 (c), the horizontal ray in parallel with optical axis and the bottom ray

should be chosen as boundary ray pairs if the object height is less than radius of the

aperture, i.e. xo   0:5D. Otherwise, the top and the bottom rays should be used as

boundary ray pairs as shown in Fig.2.6 (d).

Figure 2.6 : Boundary ray pairs used for computing wave vector range resulted
from 2D aperture �lter. (a)Ray pairs for computing wave vector range in tangential
direction �k xo . (b)Ray pairs for computing wave vector range in saggital direction
�k yo . (c)Ray pairs for computing wave vector range in axial direction�k zo when
object height xo ¤ D{2. (d)Ray pairs for computing wave vector range in axial
direction �k zo when object heightxo ¡ D{2.

As a result, the wave vector range in three directions for a given object point

Opxo; 0; � zoq can be computed by following equations
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�k xo �
2�
�

p
xo � 0:5D

a
pxo � 0:5Dq2 � z2

o

�
xo � 0:5D

a
pxo � 0:5Dq2 � z2

o

q: (2.5)

�k yo �
2�
�

D
a

x2
o � 0:25D 2 � z2

o

: (2.6)

�k zo �

$
&

%

2�
� p1 � zo?

pxo � 0:5D q2 � z2
o
q; xo ¤ D{2;

2�z o
� p 1?

pxo � 0:5D q2 � z2
o

� 1?
pxo � 0:5D q2 � z2

o
q; xo ¡ D{2:

(2.7)

Since no paraxial approximation is built into the equations, these equations are

applicable to any object point in front of aperture plane (zo ¤ 0or FoV ¤ 180� ).

Taking paraxial object points as an example, where the transverse rangexo � 0,

substitute into Eqn.(2.5)(2.6)(2.7) and Let object side F-numberF {# � � zo
D and

Numerical Aperture NA � 1?
1� 4pF {# q2

. then �k x;y � 4�NA
� , �k z � 2�

� p1 � 2F {# �

NAq � 1
�

2�
8pF {# q2 , hence the transverse position ambiguity or spatial resolution can

be estimated by� px; yq � 2�
�k x;y

� 0:5�
NA and that in z direction is �z � 2�

�k z
� 8� pF {# q2,

which are familiar results seen in textbooks.

Due to rotational symmetry, the relationship between a object point and a �nite

sized 2D circular aperture can be characterized by two parameters. One is the radial

distance r , the other is the polar angle� corresponding to �eld angle, as numbers

used in a spherical coordinate system with the origin in the center of aperture.

Intuitively, as the object point moves away from the aperture, the wave vector range

�k shrinks and hence spatial resolution�r increases. While the �eld angle is related

with a skewed aperture, which diminishes the e�ective light receiving area by a

cosine relationship with the �eld angle and also destroys the symmetry property of

the transverse spatial resolution,i.e., resulting in�x � �y .

According to the imaging pupil theory, the coherent transfer function (CTF) of a
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di�raction limited imaging system is its pupil function Pp�d ou; �d o� q, Wheredo is the

distance between the object point and the entrance pupil. This pupil function takes

its form from the shape of the aperture, commonly a circular function. However,

by assuming a shift-invariant system and applying identical CTF are only relatively

accurate in the paraxial region. In this section we work on a shift variant pupil

function and draw new observations accordingly.

The aperture limits the range of the pass band by stopping down wave vector

k of the incoming light. For a circular aperture with a given diameterD, applying

Eqn.2.4 restricts the wave vector space for object point in any position. According to

incoherent imaging theory, the transfer function is the normalized auto-correlation

of CTF and called the optical transfer function (OTF). The magnitude of the OTF

is called modulation transfer function (MTF). The �rst row in Fig.2.7 shows the 2D

MTFs of a system with object side f-numberF {# � zo
D � 5, over a transverse range

from on-axis xo
zo

� 0 to xo
zo

� 6. The second raw in Fig.2.7 shows the corresponding

PSFs which is the inverse Fourier transform of the MTFs.

Figure 2.7 : 2D MTFs in transverse dimension as transverse rangexo increases in
the �rst row and the corresponding 2D PSFs in the second row.

As illustrated in Fig.2.7, the di�raction limited spatial resolutions �x o in tan-

gential direction and �y o in saggital direction increase as the transverse rangexo

becomes larger. As expected, the PSF changes its shape rapidly from a circle to el-

lipses of growing eccentricity. The plots in Fig2.8 shows deterioration and disparity

of spatial resolution in two transverse directions against �eld angle quantitatively.
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Figure 2.8 : Resolution vs. transverse range (FoV).

The horizontal axis is theFoV angle and the vertical axis is the spatial resolution

in unit of wavelength � . The blue line and red line represent tangential and saggital

resolution respectively.

Assuming that x2
o � z2

o " 0:5Dx o, this assumption is held true for most imaging

applications except high NA microscopy or other near �eld imaging. Then Eqn.2.5

and 2.6 can be simpli�ed as

�k xo �
2�
�

z2
oD

px2
o � z2

oq
3
2

(2.8)

�k yo �
2�
�

D
a

x2
o � z2

o

(2.9)

For a given polar angle� , we choose two object pointsA1ppx1; 0; � z1qq and

A2ppx2; 0; � z2qq. Same polar angle indicates that� � FoV � arctanpx1
z1

q � arctanpx2
z2

q.

Applying Eqn.2.8 and 2.9 the restrictedk space spans for these two points have the

28



ratio �k x 1
�k x 2

� �k y1
�k y2

� z2
z1

, which leads to a conclusion that�x 1
�x 2

� �y 1
�y 2

� z1
z2

.

Given an in�nitely large plane at z � zo, we can divide it into many annular

zones radially from its axial center with each annular zone having same width �x.

For small � x, the area of resolution element in each annular zone can be estimated

as

�A �
4� 2

�k xo �k yo

�
� 2px2

o � z2
oq2

D 2z2
o

(2.10)

Meanwhile, the zone area can be approximated as �A � 2�x o� xo and the number

of resolvable object points inside that zone is

� N �
� A
�A

�
2�D 2z2

oxo

� 2pz2
o � x2

oq2
� xo (2.11)

Figure 2.9 : 2D Resolution elements density as a function of transverse rangexo.

According to Eqn.2.11, the density of the resolvable points at the center� N
� xo

jxoÑ 0�

0 as well as at the in�nity � N
� xo

jxoÑ8 � 0. Since � N
� xo

¥ 0, consequently, there is

at least one maximum value for 0  xo   8 . Making second derivative
d � N

� x o
dxo

�

0, a unique maximum value is found atxo �
?

3
3 zo and the maximum value is

� N
� xo max

� 3
?

3�D 2 � xo
8� 2zo

. The corresponding polar angle� or FoV can be �nd at
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� � FoV � arctanpxo
z0

q � 30� . In other words, as illustrated in Fig.2.9 the annu-

lar zone of 30� �eld angle has the largest information density for di�raction limited

imaging systems.

Integrating Eqn.(7), the number of resolvable spotsNR on a circular disk of radius

R is

NR �
» R

0

2�D 2z2
oxo

� 2pz2
o � x2

oq2
dxo �

�D 2

� 2

R2

z2
o � R2

�
�D 2

� 2
sin2pFoVq (2.12)

wheresinpFoVq � R?
z2

o � R2
.

If let R Ñ 8 or FoV Ñ 90� , the total information capacity of a aperture on a

in�nitely large plane is

NRÑ8 �
�D 2

� 2
�

4A
� 2

(2.13)

Where A is the area of the 2D aperture. The Eqn.2.12 is also called the Shannon

number of an imaging system with aperture diameterD, indicating that the informa-

tion capacity is proportional to the area of the aperture and inversely proportional

to the wavelength squared [44].

The resolution in the axial direction is closely related with the depth of �eld

(DoF). As explained previously, the estimation of the axial resolution�z o should be

conditioned on the comparison between its transverse rangexo and the semi-diameter

of the aperture 0:5D as expressed in Eqn.2.7. To simplify our analysis, let's apply

the same assumptionx2
o � z2

o " 0:5Dx o and near �eld situation is ignored. Under

this assumption, Eqn.2.7 can be approximated by

�k zo �

$
'&

'%

�
� pxo � 0:5D

zo
q2; xo ¤ 0:5D

2�
�

Dx o
z2

o
; 0:5D   xo   zo

2�
�

Dz o
x2

o
; xo ¥ zo

(2.14)
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As discussed previously, the bandwidth of wave vector in transverse direction

kxy decreases monotonically as polar angle� (or FoV) increases. However, Eqn.2.13

reveals a very di�erent characteristic of bandwidth of wave vector in longitudinal

direction kz, which increases when 0  xo   zo and decreases ifxo ¡ zo. There is

a maximum value positioned approximately around atxo � zo or FoV � 45� . As

demonstrated in Fig.2.10, as the object point moves away from the axis, its axial

resolution �z o drops rapidly into a relatively 
at base and stays there for a extended

FoV span then increases rapidly to in�nity as the transverse range approaches in-

�nity. Since the DoF is positively correlated with the�z o, we can conclude theFoV

close to the axis have greaterDoF compared with that of FoV lying on the extended


at base for a di�raction limited imaging system.

Figure 2.10 : Axial resolution �z o vs. FoV.

Assuming two object points with coordinatespxo; 0; z1q and pxo; 0; z2q respec-

tively, applying Eqn.2.14, the ratio of axial resolutions between the two points can

be derived as�z 1
�z 2

� �k z2
�k z1

� z2
1

z2
2
, when z1; z2 ¡ xo. This result is conforming to the

Gaussian optics. However, whenz1; z2   xo or FoV ¡ 45� , the ratio between two

axial resolutions becomes�z 1
�z 2

� z2
z1

. In this anomalous region, the object scene at far

away from the aperture has smallDoF which is just the opposite from scene around

the center �eld.
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2.3.2 Trade-o� between sampling uniformity and space bandwidth product

Majority of imaging systems have a single aperture, or more speci�cally one single

2-D entrance pupil. As elaborated in previous sections, this �nite sized aperture will

cast a fundamental limitation on the imaging capacity which cannot be overridden by

whatever heroic design e�ort on the hardware of the sensor. Di�erent �eld angles lead

to varied aperture obliquity while distance variation leads to varied e�ective object

F-number. These two factors result in highly non-uniform sampling distribution

even with ideal optical hardware. Additionally, often the time, the imperfection of

hardware only tends to exacerbate the situation.

Here we try to characterize the non-uniform sampling by 2D apertures on object

space in the transverse direction. The area of a transverse resolution element�A has

been estimated in Eqn.2.10. Here we investigate the varianceV arp�A qand standard

deviation SDp�A q to characterize the non-uniformity sampling property.

V arp�A q �
»

�A 2 dNxo

NR
� �A

2
�

� 4R4pz2
o � R2q

3D 4z2
o

(2.15)

Here we let � x Ñ dx, � Nx Ñ dNx in Eqn.2.11 and�A represents average area

of resolution elements within a object disk with radius ofR. The �nal result is

obtained by substituting in Eqn.(2.8{2.12). From Eqn.2.15, we can easily calculate

the standard deviation as

SDp�A q �
a

V arp�A q �
1

?
3

�A axis tan2pFoVqsecpFoVq (2.16)

Here �A axis � � 2z2
o

D 2 represents area of resolution element of the object point on-

axis.

The area of resolution element in transverse direction�A is inversely proportional

to the aperture diameter squaredD 2 and positively proportional to the forth power
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of transverse rangex4
o. On one hand, this relationship indicates that by increasing

the aperture diameterD, the size of every resolution element decreases. On the other

hand, this global decrease is modulated by1x4
o

locally. The resolution of object point

with large transverse range or largeFoV will be relatively insensitive to the increased

aperture size. As shown in Fig.2.11, the net e�ect is that while the resolution around

the �eld center may have been saturated while the marginal �eld point only starts

to improve insigni�cantly. This relative incompetency of single aperture imaging

system towards large �eld angle is a great barrier on designing and building large

angle lenses.

Figure 2.11 : 2D Transverse frequency bandwidth�k xo �k yo of di�erent FoV s vs.
increased aperture diameterD.

To be precise, the single aperture imaging system refers to system where ray

bundles from all �eld points shares one same entrance pupil and imaging ray bundles

shares one same exit pupil. Sometimes, a physical stop is mapped into numerous en-

trance or exit pupils by extreme pupil aberration. This aberration actually has been

exploited to build wide angle lens and becomes necessary in collecting information

from �eld points with large transverse range. As illustrated in Fig.2.12(a), powerful

negative front elements turn the wide angle light abruptly and force it through the
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system stop. This violent change in ray angle produces extreme spherical pupil aber-

ration and splits the entrance pupil into many, and each pupil is catching light from

one �eld angle. As the �eld angle increases, its corresponding entrance pupil moves

forward and away from optical axis as well as tilts its orientation to catch the in-

coming light[45]. Therefore, strictly speaking wide angle lenses with pupil aberration

strategy should be classi�ed as multi-aperture systems. Nonetheless, this the exit

pupil in such system is not a�ected by pupil aberration and all output light beams

are exported through one common exit pupil. As a result, signi�cant distortion is

inevitable and resolution on marginal �eld of view is compromised.

Figure 2.12 : Lens architectures with multiple apertures.(a)Fisheye lens with en-
trance pupil being multiplied,moved and tilted for entering rays with di�erent �eld
angles. (b)Multiscale lens with entrance pupil being multiplied and tilted as well as
exit pupil.

High frequency information from wide angle will be distorted and under-sampled

in conventional wide angle lens for it only splits the entrance pupil. However, array

camera and multiscale lens architecture accommodate wide �eld angle and ultra-

high information throughput by tiling multiple apertures both in object and image

spaces[46].As illustrated in Fig.2.12(b), multiscale lens architecture consists of one

large aperture objective lens in front and an array of small aperture secondary optics

in behind. Each secondary optics has its own physical stop and the corresponding
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entrance pupil is positioned and oriented in a same manner as the packing manner

of the secondary optics. With each aperture only captures a small portion of �eld

angle and the total wide angle coverage is synthesized collectively. Large aperture

element multiplexing brings about dramatically reduced size and small angle imaging

for each channel makes it possible for highly increased information e�ciency.

By segmenting large aperture into many small sub-apertures actually decrease

the overall di�raction limited information capacity or Shannon number. Suppos-

edly, we divide the apertureD into N � N array and each small apertureD
N now

assumes a segmented �eld angleF oV
N . Applying Eqn.2.11, the total Shannon number

becomes�D 2

� 2 sin2pF oV
N q. However, two advantages make this 'divide and conquer'

strategy favorable in a largeFoV and high resolution imaging application especially

for space-band width product of gigapixel level. First of all, di�raction limited per-

formance is much easier to achieve with small aperture size and smallFoV coverage,

because geometric aberration from real hardware scales with aperture size and also

aberrations from wide angle rays are more challenging to correct than that from

small angle �elds. therefore, multi-aperture architecture produces lower cost and

much cheaper lens design[1]. Secondly, considering the sampling uniformity issue,

according to Eqn.2.15, the standard deviation of sampling non-uniformity is propor-

tional to tan2pFoVqsecpFoVq. Basically, small FoV system favors a more uniform

sampling which is preferred for pixels are uniformly fabricated on the focal plane for

almost all imaging detectors.

Small aperture size optics might raise the concern of large F-number and inade-

quate energy input. In multiscale architecture, the aperture of the incoming beam is

concentrated by the front objective and so is the energy which allows the use of small

aperture secondary optics while still keeping overall F-number uncompromised. The

concern about energy inadequacy under multi-aperture scheme can be rid of with
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multiscale architecture.

2.3.3 Discussion

The inherent de�ciency of the monolithic lens architecture makes it unsustainable

in applications where simultaneous wide FoV and high resolution are required. The

elaboration in this chapter is revolved around two important physical phenomena

in the imaging optics, one is the di�raction e�ect, and the other is the geometric

aberrations.

The �rst part of this chapter is to elaborate on the geometric aberrations. Due

to geometric aberration, the complexity of lens systems outgrows the information

capacity. Therefore, large scale and wide angle lenses su�er from low information

e�ciency measured by pixel numbers per unit cost. There exist optimal lens scale

and FoV where the information e�ciency reaches the maximum.

In terms of the di�raction e�ect, we discusses the limitation imposed by a 2D

aperture on imaging in 3D object space. The numerical aperture of an object point

depends not only on the size of the entrance pupil but also its relative position and

orientation with respect to the pupil. Object points with high �eld angle have longer

distance than the points on the axis, and subtend an elliptical aperture with reduced

solid angle. Therefore, the corresponding di�raction limited spots spread in size and

deforms in shape. In addition to the well-known irradiance drop o� following the

cosine forth power law of imaging, we recognize lens architectures based on a single

aperture is inherently ill-conditioned for imaging with wide FoV.

Based on the above observations, imaging applications demanding high informa-

tion throughput and wide FoV should build upon a lens architecture consisting of

multi-aperture and multi-focal-planes. This parallel architecture divides a complex

imaging task into many small sub-tasks and conquer each with optics in optimal

scale and FoV coverage. By doing so, the high information e�ciency is maintained,
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and the total cost could be signi�cantly reduced. This "divide and conquer" strategy

in imaging system design �ts into today's technology environment due to the factor

that algorithms and computation for image stitching and other image integration

tools enable e�cient and cheap post-capture information integration.
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3

Monocentric multiscale design of Galilean style

Chapter.2 discusses some inherent disadvantages of monolithic lens systems(de�ned

as systems featuring one aperture and one focal plane) in the applications of wide FoV

and high resolution imaging. Based on the analysis, we recommend to use a parallel

camera design (de�ned as systems featuring multi-apertures and multi-focal-planes)

as a better solution in cases that wide FoV and high spatial resolution are demanded

simultaneously, where SBP exceeds hundreds of megapixels or even gigapixels.

Monocentric multiscale (MMS) cameras exemplify the idea of parallel cameras.

The �rst generation of as-constructed MMS cameras achieved great success in simpli-

fying the hardware complexity of gigapixel cameras. Nonetheless, the full potential

of MMS design method has yet to be unleashed. A MMS lens of Galilean style is

adopted in our new generation of MMS cameras. The new style eliminates the inter-

mediate image and reduces the track length of the optics signi�cantly. As a result,

new MMS lens has been made ten times smaller than the �rst generation of optics.

This chapter focuses on our updated research works on MMS lens design. The new

design style called MMS of Galilean style will be introduced and also many FoV ar-

38



rangements based on the new architecturehttps://www.overleaf.com/project/5ddc5203b72aed0001d5dc5e

will be demonstrated.

3.1 Introduction to monocentric multiscale lenses

Camera arrays has been an approach to imaging performance enhancement and new

functionality realization for a long history. This dissertation focuses on the �eld of

panoramic imaging via FoV stitching. Camera arrays or parallel cameras come with

many di�erent styles. A easy one is to juxtapose many camera units side by side and

capture images in a distributed fashion. In this simple scheme, each camera unit is

independent optically, which results in limited aperture size and bulky system bodies.

In 2009, Brady and Hagen proposed a multiscale lens design method which designs

imaging optics in hierarchical structure and enables both high information e�ciency

and compact form factor[21]. Under this scheme, large scale optics is placed in the

front of the system, which guarantees su�ciently large system aperture, and optics of

small scale is positioned in the post enabling e�cient �eld processing. Based on the

multicale lens approach, DISP at Duke University continued to build the monocentric

multiscale (MMS) gigapixel cameras, dubbed AWARE cameras.

An MMS lens system consists of two groups of optics in two di�erent scales.

As illustrated in Fig.3.1, a large size monocentric objective (MO) lens is placed in

the front, and an array of microcameras in the back. The MO lens collects beams

of light with large entrance pupil and forms a curved spherical image surface, an

intermediate image surface. The secondary microcamera arrays are packed on a

spherical formation with the center of radius coincided with the center of the MO

lens. The secondary microcameras subtend the intermediate image surface, and each

one relays a fraction of the image onto its focal plane. By packing a large number

of secondary microcameras, large FoV and high resolution images can be captured
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with a single snapshot. Since many discrete sensors are used, a stitching process

is required for acquiring continuous panoramic images. The architecture of MMS

lenses is spherically symmetric, therefore there is no severe o�-axis aberration issues

related with large �eld angle. Owning to absence of a special global optical axis,

microcamera lenses across the whole arrays is identical in status. Compared with a

trivial lens cluster, where division occurs both in aperture and FoV, segmentation in

MMS lens only happens in FoV. Therefore, simple design is small f-number is easy

to achieve.

Figure 3.1 : Schematics of MMS lenses.

Using monocentric spherical lens to achieve wide FoV imagers is not new. This

work can be dated back to 1861 when Thomas Sutton built his panoramic lens with a


int glass sphere �lled with water[47]. In modern days, Brady and Marks propose to

use monocentric lens design to build imagers reaching capacity of 40 gigapixels[48].

Shree Nayar's team at Columbia University has built an omnidirectional camera

system with a glass ball and a scanning detector[49],[ 50]. Joseph Ford's group at

UCSD accommodates the curved image plane of concentric lenses with tapered �ber

bundles, and the �ber bundles is to transmit a curved image surface to 
at focal

planes[51].

Due to spherical symmetry, monocentric lenses su�er only from on-axis aberra-

tions, such as spherical aberration, axial chromatic aberration, or a combination of

the two. The monocentric lenses commonly consist of several discrete layers. For
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each layer, the radius of curvature and the choice of materials can be used for cor-

rection of the aberrations. A two-layer lens of four degrees of freedom can correct for

spherical and chromatic aberrations simultaneously as demonstrated in[52]. Light

geometric aberrations makes the monocentric lens a great choice for wide-angle gi-

gapixel applications.

The secondary microcamera arrays divide a curved image surface into small and

manageable pieces, and relay these pieces onto available 
at image sensors. The

rotational symmetry simpli�es the design of the microcamera, for an optimal micro-

camera lens in any local position is also a global optimum. The magni�cation of the

microcamera is designed to be less than one so that adjacent units has overlap of

image coverage. The size of the lens elements is speci�ed so that fabrication with the

plastic injection molding is possible. Moreover, this allows to exploit the economy in

mass production, and complex surface �gures for better control on aberrations.

The coupling of the MO lens and the secondary microcameras presents many

unique constraints and requires new design considerations. Here we review several

critical ones brie
y. The �rst and foremost one is the granularity of the secondary

microcamera arrays. In other words, the decision on sub-FoV of each microcamera

unit. Large sub-FoV necessitates complex optics, while small sub-FoV increases the

number of needed channels. A balanced choice is needed for minimizing total cost and

ensuring required performance. The granularity also determines the physical cone

angle of each microcamera unit. The physical cone angle is de�ned as the central

angle con�ning the microcamera unit to avoid physical con
ict. To ensure overlap

on image border, the physical cone angle must be less than the FoV of the unit. The

overlap area should not be too large, resulting in too much wasted pixel counts, or too

small, leading to low resistance to misalignment and manufacturing errors. The third

one is the separation between the primary MO lens and the secondary mcrocameras.

The design on this parameter is critical for controlling lens complexity as well as
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Table 3.1: Characteristics of as-constructed AWARE cameras

system FoV iFoV pdegreeq Resolution elementspFoV{iFoV 2q Optics volumepm3q
AWARE-2 120� � 50� 2:3 � 10� 3 1:3 � 109 8 � 10� 3

AWARE-10 100� � 60� 1:4 � 10� 3 2:0 � 109   0:1
AWARE-40 36� � 36� 6:17� 10� 4 3:6 � 109 0.1

achieving desired aperture size.

Applying the preceded design approach and principles, the research team in

AWARE camera program has designed and prototyped three MMS lens systems

dubbed as AWARE2, 10 and 40, respectively, as shown in Fig.3.2[53],[ 54],[ 55],[ 56].

All major speci�cations achieved by the three as-constructed cameras are tabulated

in Table 3.1. The layouts of the three AWARE lens systems are illustrated in Fig.3.3

each one with one microcamera channel highlighted at the top left corner[53].

Figure 3.2 : The as constructed AWARE gigapixel cameras.

The �rst generation as-constructed MMS cameras conceptually show the possi-

bility of gigapixel class imagers with signi�cantly reduced cost and form factor. The

performance potential promised by MMS lens has yet to be fully taken advantage.

As depicted in Fig.3.4(a), the as-constructed gigapixel cameras all adopted Keplerian

style of design, in which the microcamera arrays are positioned behind the intermedi-
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Figure 3.3 : Lens designs of the AWARE cameras(each with one channel)[53].

ate image surface. It is similar to a Keplerian telescope where the eyepiece is behind

the internal image formed by the front objective. Although Keplerian style o�ers less

constrained space for the opto-mechanical supporting components, electronics, and

focus mechanisms, it features a much longer optical track than that of a Galilean

style in which the microcaemra arrays precede the intermediate image surface [46].

As demonstrated in Fig.3.4(b), the Galilean design can truncate the total optical

track by more than a half. For a conical shaped layout, volume is proportional to

the cubic power of the track length. Based on our recent progress in this topic, we

�nd Galilean style of design promises to bring a new generation of MMS cameras

with superior performance in terms of cost, form factor, as well as imaging quality.

3.2 MMS lens of Galilean style

The architecture of a MMS system resembles that of a telescope. One layered mono-

centric spherical objective lens is shared by several microcameras. Each microcamera
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Figure 3.4 : Two types of MMS lenses.(a)MMS lens of Keplerian type. (b)MMS
lens of Galilean type.

covers a small portion of overall FoV denoted as MFoV. Refractive telescopes may be

classi�ed into Keplerian systems with an internal image surface and Galilean systems

with secondary optics placed before the objective focal surface. MMS cameras also

can be designed in these two styles. Although Galilean systems achieve smaller phys-

ical size, previously constructed MMS cameras all adopt Keplerian design because

such architectures more readily accommodate overlap between adjacent microcamera

�elds and because they are somewhat easier to construct.

Galilean telescopes include a positive objective lens and a negative secondary,

separated by di�erence between their focal lengths. Compared with the Keplerian

style, Galilean style features a shorter tube length and therefore smaller overall size.

The disadvantage is a smaller FoV [57]. However, this disadvantage is unimportant

under our multiscale imaging approach, since this approach intrinsically captures a
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wide FoV by dividing it into large array of small FoVs.

3.2.1 First-Order Galilean Model

To create a simple �rst-order Galilean model, the con�guration of a telescope is

divided into three optical groups, the objective lens in front, eyepiece in middle and

sensor optic in the rear. The objective here is a layered monocentric lens with each

layer made of homogeneous material. Secondary optics are arrayed on a spherical

surface concentric with the objective. The Galilean eyepiece is a negative power

group displaced from the center of the objective by the sum of the objective and

eyepiece focal lengths. Conventionally, the stop aperture of the Galilean style is

located at the eyepiece to facilitate easy observation. This stop position causes

reduced spherical symmetry and thus creates local aberrations [46]. The location of

the stop can be used to strike a balance between the aperture sizes of the objective

lens and the microcameras array and to manipulate aberration.

Considering a MMS lens with angular resolution of IFoV, total system FoV and

aperture sizeF {#. We choose an image sensor with pixel pitchp and active size of

V � H with . From these parameters, the e�ective focal length of the overall system

is f � p{IFoV . The vertical �eld of view of each micro camera isMFoV � V{F ,

we denote the MFOV half angle as� .

From these basic speci�cations, we can derive the critical parameters of the optics.

Fig.3.5 is a sketch of the �rst order Galilean design with one sub-imager channel. If

the separation between the center of the objective and the stop surface isdos, the

entrance pupil is located atl" � f odos{pf o � dosq behind the center of the objective.

The diameter of the entrance pupil isD " � f {pF {# q, wheref o is the focal length of

the objective. The diameter of the stop is given by

Ds �
pf o � dosqf
f opF {# q

(3.1)
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Given the location and diameter of the entrance pupil, the clear aperture of the

objective should be at least

Do � 2pl" � � D " {2q � 2
f odos�

f o � dos
�

f
F {#

(3.2)

The distance between the stop and the eyepiece isdse � f o � dos � f e, where� f e

is the focal length of the eyepiece. The image of the stop from the eyepiece can be

treated as an intermediate pupil with location at l ip � f edse{pdse � f eq in front of

the eyepiece and with diameter ofD ip � Dsf e{pf e � dseq. The clear aperture of the

eyepiece is

De � 2pf o�l ip {f e � D ip {2q � 2p1 �
f e

f o � dos
qf 0� �

f f e

f opF {# q
(3.3)

The sensor optic, which brings the �nal image into a focal plane, should be positioned

immediately behind the eyepiece, since any separation between these two optics only

increase the diameter of the microcamera. In this case, the diameter of the sensor

optic is equal to that of the eyepiece, i.e.,Dac � De. The focal length of the array

camera is related to the overall focal length and focal lengths of the other two groups

in front by

f ac � f f e{f o (3.4)

By separating the stop and the eyepiece, the required aperture diameters of the

objective and the eyepiece for zero vegnetting, as shown in Eqn.(3.2) and (3.3), are

made of two terms. The �rst term originates from o�-axis �eld angle and is a�ected

by the position of the stop, i.e. the value ofdos. The second term is from F-number

of the overall system and is independent of the stop position. As we increasedos

by moving it away from the objective, the diameter of the objective expressed in

the �rst term will become larger and larger while the diameter of the eyepiece will
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Figure 3.5 : First order MMS lens of Galilean style with one channel.

decrease on the contrary. The position of the stop provides a way for adjusting the

sizes of the two optical groups. On one hand, ifdos is too large, o�-axis rays may

not be able to reach the surface of the objective and those do reach the surface may

be plagued with hopeless aberration. On the other, if we makedos too small, the

required diameter of the microcamera is likely to cause physical interference between

adjacent microcameras. At the extreme case, when the stop is placed at the center of

the objective, the required diameter of microcameras is in�nite for zero vegnetting,

in contrast, putting the stop at the eyepiece will lead to an in�nitely large objective.

As illustrated in Fig.3.6, the size of the sensor optic is limited by a physical

cone angle, here denoted as 2� , to avoid physical con
ict between neighbors [52].

As a result, the aperture diameter of the element of the microcamera is limited.

Since the stop is placed in the front of each microcamera, the diameter of the stop

is also constrained byDs   2�d os. Substituting into Eqn.(3.1), we have the lower

bound of dos asdos ¡ D " f o{p2f o� � D " q. Additionally, the stop cannot be positioned

inside the objective lens, which put another lower boundary todos. As an example,

considering a two-layered monocentric lens consisting of a Schott F2 glass (
int)

external shell and a BK7 (crown) inner sphere with the desired focal length off o.

The two radii achieving nearly both achromatic and third-order spherical free are
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found at R1 � 0:58f o, whereR1 is the radii of the outer surface andR2 is the radii of

the inner surface. In this case the separationdos ¡ 0:58f o. Nonetheless, this bound

can vary depending on the choices of the materials and the inner radii. This second

restrict on lower bound of the stop position can be described bydos ¡ R1.

Figure 3.6 : The required aperture size of the stop increases as the stop moves
towards the center of the objective. (a) The stop is too close to the objective; the
size of the stop exceeds the cone angle� . (b) The stop is just touching the cone angle
boundary. (c) The stop is inside the cone angle.

To achieve a realistic design, a strict limit should also be imposed on the clear

aperture size of the objective. Otherwise undesired ray path may occur, such as

some rays may totally miss the aperture, or pass the outer shell while miss the inner

sphere, or pass through both layers with hopeless large incident angles, as shown in

Fig.3.7(c). The �rst two cases lead to vignetting or even complete blackout. The

third case introduces severe o�-axis aberration which either demands highly complex

secondary optics to correct or leads to failed imaging quality. According Eqn.(3.2),

the clear aperture size of the objective with one imaging channel consists of two

terms. One term is related to MFoV angle and the position of the entrance pupil,

the other term is related to the size of the entrance pupil. Consequently, the clear
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aperture can be controlled by imposing constraint on the MFoV angle, F-number of

the objective as well as the entrance pupil position. Empirically, the F-number of

the spherical objective is between 5 to 8, the MFoV of the microcamera should be

less than 10� , i.e., �   5� . To prevent the described ray path failures from occurring,

supposing that the clear aperture of the objective should not exceed one half of its

actual physical diameter, this condition can be expressed asDo   R1. Applying

the Eqn.(3.2) and rearranging this inequality, we have the upper bound of the stop

position as

dos  
f opR1 � D " q

2f o� � R1 � D "
(3.5)

Figure 3.7 : The required aperture diameter of the objective increasing as the stop
moves away from the center of the objective. (a) Minimum diameter when the stop
is at the center of the objective. (b) The diameter increases as the stop moves away
from the center. (c) The stop position when the vignetting occurs.

Based on these considerations, in practical designs the stop position must be
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placed within the range

maxp
D " f o

2f o� � D "
; R1q   dos  

f opR1 � D " q
2f o� � R1 � D "

(3.6)

On the left side of the Inequality(3.6), the larger of the two terms within the

parenthesis should be taken as the lower bound fordos. For example, we want an

MMS design with overall e�ective focal length off � 25mm and F {# � 3, then the

entrance pupil diameter isD " � 8:33mm, suppose the focal length of the objective

lens is f o � 50mm, the half MFoV angle is � � 5:6� and the half cone angle is

� � 4� . By applying Inequality(3.6), we havemaxp27:16mm; R1q   dos   27:24mm.

Whatever the radius of the objective is, the location of the stop is almost �xed.

When we take consideration of the supporting items, such as the opto-mehcanics and

electronics, this design is likely to be impractical [58]. There are several measures

we can take to stretch the design space. Let's First look at the left side of the

Inequality(3.6). The focal length of a two-layered monocentric lens is related with

the radii of the outer and the inner surfaces by [52]

1
f o

�
1

R1
p2 �

2
n1

q �
1

R2
p

2
n2

�
2
n1

q (3.7)

wheren1 and n2 are the index of refraction of the inner and outer elements respec-

tively. Generally, the outer element is 
int glass and the inner element is crown glass,

i.e., n1 ¡ n2. According to Eqn.(3.7), for given focal length, we can manage to reduce

the radii of the outer surfaceR1 by decreasing the radii of the inner sphereR2 or

trying di�erent glasses. However, ifR1 and R2 deviate too much from the spherical

aberration free and achromatic condition, the imaging quality will degrade.

For a MMS imager, the �nal wide FoV panorama is obtained by stitching all the

sub-images together, which requires that sub-images of adjacent microcameras must

overlap on the boarder. This requirement is re
ected by� ¡ � , in another word,
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the MFoV of the microcamera should be larger than the cone angle within which

the microcamera can physically occupy. As this requirement limits the design space,

we propose here a combination of image interleaving and MMS optical design. As

shown in Fig.3.8, we can use multiple MMS cameras co-boresightedly and arrange

microcameras of each MMS camera in a way three array patterns complementing

each other and composing a complete coverage of view. This interleaving strategy

can be found in DARPA ARGUS-IS surveillance system [20]. In this way, we can

increase the cone angle� as well as decrease the MFoV angle� . By doing this, the

free space for positioning the stop is stretched.

Figure 3.8 : Schematic illustration of Co-boresignted system with 3 MMS paralleled
together, MFoV patches from di�erent cameras.

3.2.2 Design example

For the convenience of comparison, in this example, we use the speci�cations of the

AWARE-2 camera with glass optics [54]. Our new design uses image sensor of Sony

IMX274 (Type 1/2.5) 8.51 Megapixel, Color with 3840� 2160 array and 1:62�m

pixel size. The targeted angular resolution isIFoV � 62�rad and therefore the
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e�ective focal length f � 25mm. The aperture size isF {# � 3. To incorporate

the new approach into the design, we increase the cone angle� from 3:43� to 5:94� ,

while decrase the MFoV� from 5:6� to 4:8� . Under these changes, the gaps between

adjacent microcameras is 2p� � � q � 2:28� .

The outer shell of the monocentric objective lens is made of S-NBH8 glass from

Ohara catalog and the center core element is made of fused silica. The e�ective focal

length of this objective isf o � 48:08mm, compared with 67:30mm in the old design.

This leads to a shrunken of the radii of the outer surface from 31:8mm to 20mm.

Meanwhile the F-number of the intermediate image changes from 8.11 to 5.77. All

these changes in the objective parameters indicates a more compact primary optics.

Substituting the relevant parameters into Inequality(3.6) we �nd the range of

stop positions is

maxp21:89mm; 20mmq   dos   28:47mm (3.8)

As illustrated in Fig.3.9, in our design example, the stop aperture is positioned

24:5mm behind the center of the objective and 2:54mm before the microcamera,

which results a 26:54mm separation between the objective lens and the microcamera,

as opposed to be 125:52mm in the AWARE-2 design. This tremendous reduction of

the space is mostly due to the implementation of the Galilean style and serves as the

main contributor for a drastic reduction of the overall system volume.

As shown in Fig.3.10, the microcamera of the new design only consists of 4 el-

ements and each element has a slim shape implying a proper ratio of diameter to

thickness. In comparison, the microcamera in the AWARE-2 consists of 5 elements

with two thick doublets and four of them have awkward pro�les. From the per-

spective of geometric aberration, the Galilean style resembles the con�guration of

the cook triplet with a negative power group in between. This leads to a better

aberration characteristic and a simple optics.

52



Figure 3.9 : First order parameters of the design example.

Figure 3.10 : Size comparison between MMS lens design of Keplerian style and
Galilean style. (a)Layout of AWARE-2 design.(b) One of three lenses from co-
boresighted Galilean MMS design, each with three channels.

Fig.3.11 and Fig.3.12 show the MTF curves and the spot diagrams of the new

design. The nominal MTF of all the �elds is greater than 0:3@154cycles{mm, which

is the half of the Nyquist resolution of the sensor. the spot diagrams show the imaging

performance is reaching di�raction limit for the ray bundle falls inside the circle

determined by the Airy disc. Another important aspect of the design is tolerancing.

The tolerances in all dimensions of the AWARE-2 design falls into realistic level

and ensures a relatively easy manufacturing and assembly. The tolerancing analysis
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of the new design shows the same property which guarantees a justi�able cost of

fabrication and assembly. The tolerance for the objective elements deviating from

concentric condition is 100�m , the placement error of the each microcamera relative

to the objective lens is held to be 100�m axial, 50�m decenter and 50�m tilt.

Figure 3.11 : According to MTFs, the new design maintains high imaging perfor-
mance.

At least 3 MMS imagers are required to cover a continuous panorama image. The

microcameras array follows the hexagonal arrangement with arrays from di�erent

imagers complementing each other's. The volume estimate of each imager is about

0.22L, accounting for three, the total volume should be around 0.66L, which is still

more than ten times smaller than that of the AWARE-2 optics.

As shown on Table3.2, the radius of monocentric objective lens is reduced by one

third. The track length is decreased by about two thirds. As a result, the volume is

reduced by more than 10� .

Table 3.2: System comparison between parallel MMS and AWARE-2 glass version.

Sytem Ojbective Elements Track Volume
radius number (M) length

Galilean MMS 20mm 5 59:64mm 0.67L
AWARE-2 31:8mm 7 200:32mm 8.38L

To observe that the objective lens shown in Fig.3.9 is perfectly spherically sym-

metric, we can further trim away one half of the spherical lens. As shown in Fig.3.13,
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Figure 3.12 : The spot diagrams of four �elds shows near di�raction-limited per-
formance, since the ray 
all within the Airy disc radius.

a hemispherical lens is used, the planar section surface is turned to be a mirror sur-

face and the optical axis is re
ected on this surface by 90� . Not only this folded

design gets rid of nearly half of the optical weight, but also makes a more compact

optical layout. One caveat is that the available overall FoV is reduced, for the clear

aperture of the objective is partially covered by the relocated secondary microcamera

arrays. Nevertheless, the imaging quality and other lens parameters remain the same

due to the symmetry of the objective lens.

3.2.3 Telephoto multiscale lens design

The central element of an MMS lens system is the solid spherical objective lens from

cemented pieces. For a solid ball lens, its focal power is mostly determined by the

radius of the outermost surface. To achieve a focal lengthf o, the radius of the ball

lens is estimated to be2pn� 1qf o

n . If a focal length greater than 100mm is required, the
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Figure 3.13 : Layout of a folded MMS lens.

estimated radius of the ball lens is about 67mm or the diameter is about 134mm. In

this size, it is challenging to �nd raw glass blanks. Additionally, a solid ball lens of

large size is not only too heavy but also attenuates light energy severely. Therefore,

MMS lens with a solid ball objective is not suitable for long focal lengths. To mitigate

this challenge, AWARE project replaced the solid ball lens with a double Gaussian

design in AWARE40 lens system[56] to achieve a focal length about 110mm.

Although the AWARE40 broke the monocentricity, the basic design style still

followed the Keplerian type with a intermediate image surface between the objective

and microcamera arrays. This partly explains why the total track length is about

637mm indicating a telephoto ratio of 5:8. This section is looking to reduce this tele-

photo ratio with our newly developed multiscale lens design with Galilean method.

By reducing the telephoto ratio, we stand to obtain more compact imaging systems

with long focal length.

Since curved microcamera arrays cater to curved images, the curved microcamera

arrays should be preserved for the new long focal length design. The non-monocentric
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design can be accomplished by disturbing a monocentric lens. The �rst step is to

split the monocentric lens into halves with inserted air gaps. The second step is

to 
atten the monocentric glass layers so that these elements can be grounded and

polished with available glass blanks. The last step is to optimize the objective for

correcting aberrations. During all the design steps, the radius of the spherical image

surface can be de�ned as a constraint built in the merit function.

Due to the same consideration as described in Sect.3.2.1, the stop surface is

positioned between the objective lens and the microcameras. The aperture size of

the objective and the secondary is balanced with the position of the stop according

to Eqn.3.1-3.3. Since the the residual aberrations are no longer �eld independent,

the microcameras must be optimized with consideration of its performance at all

con�gurations.

Here we show a concrete design example alleging the merits of Galilean style

multiscale lens for design of long focal length systems. The design example works

with an OmniVision (SAnta Clara, CA) OS08A10 image sensor, which has 2�m pixel

size in an active array size 3840� 2160 (8 Megapixels). The design has a focal length

of f � 150mm indicating a angular resolution ofIFOV � 13:3�rad . The FoV of

each imaging channel isMFOV � 3:56� . The F-number of the design isf {# � 3.

The physical cone angle occupied by each microcamera unit is 4:6� and the FoV of

the microcamera is 3:56� . The largest �eld angle in this design is 33:5� .

As shown in Fig.3.14, the largest element in the objective has a diameter of

156mm and the total track length is about 450mm. All elements in the lens system

are made out of glasses from SCHOTT catalog(Mainz, Germany) and all surfaces

are spherical. The objective lens consists of 6 elements including one singlet, one

doublet and one triplet in a near symmetric layout. The cemented elements are used

for suppressing chromatic aberration. The symmetric geometry bene�ts in correcting

for lateral aberrations. As illustrated in Fig.3.15, the units in the microcameras
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Figure 3.14 : Layout and dimensions of a telephoto multiscale lens design.

Figure 3.15 : Layout and dimensions of the microcamera lens.

arrays consists of 5 elements, among which one is a cemented doublet and the rest

are all singlets.

The Nyquist frequency of the image sensor is 250lp{mm given a 2�m pixel size.

The nominal imaging performance measured by MTF curves of four imaging chan-

nels, ordered from the central channel to the outermost channel, is illustrated in

Fig.3.16(a),(b),(c), and (d) respectively. Majority of MTF curves are above 0:2 at
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(a) (b)

(c) (d)
Figure 3.16 : MTF curves of the four imaging channels from the center to the
edge.(a)Center channel.(b)Second channel.(c)Third channel.(d)Marginal channel

the Nyquist frequency 250lp{mm and all curves are above 0:4 at the half Nyquist

frequency 125lp{mm across all four imaging channels.

3.3 FoV of parallel cameras

Conventional cameras capture images in rectangular format due to the format of

�lm, electronic sensor and display devices. In most cases, the captured FoV is slated

to be fully streamed for rendering, e.g. the FoV shape format of the captured data

is determined by the rendering convention.

As technologies in optics, electronics and computation advances, this close cou-

pling between image capturing and rendering ought to be decoupled for better ex-

ploitation of image information and creation of novel functionalities. An arbitrary

format of image is easily available by synthesizing frames from multiple focal planes.

As new image and video rendering technologies being explored and developed, all

kinds of image navigation methods are readily available for new way of rendering.
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MMS lens expands its FoV by adding up small size secondaries. The ultra-

high information capacity allows for myriad of FoV con�guration options and image

resolution formats, which provides excellent adaptation for di�erent application sce-

narios.

3.3.1 Packing space of parallel cameras

For a MMS architecture, the microcameras are to be packed on a spherical surface.

Except for some special application purposes, the microcamera array is in a densely

packed fashion, in which adjacent microcamera units ought to share su�cient FoV

overlap for a continuous object �eld coverage through image stitching. Therefore,

the extent and format of FoV captured are determined by the manner of packing

the microcameras. Although a trivial task in case of 2D plane, close-packing on a

spherical surface can be much more challenging. Depending on extent of the targeted

packing region, either a local packing or global packing strategy is preferable. A local

packing strategy is preferred if the packing region comprises only a small fraction of

the whole sphere. As shown in Fig.3.17, this packing region covers approximately

90� � 50� FoV, therefore a hexagonal close-packing is employed and the microcameras

are aligned on lines of latitude. This packing method produces a near rectangular

FoV coverage resembling a conventional image format.

Figure 3.17 : Hexagonal close-packing for a localized FoV output.
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As the latitudinal angle grows, the variation in circle separations increases rapidly.

This variation can be quanti�ed by chord ratio which is de�ned by

Chord Ratio �
Maximum Center Distance � Minimum Center Distance

Minimum Center Distance

Where center distance indicates the distance between centers of two adjacent

circles. As a matter of experience, a chord ratio value less than 0.17 creates small

perturbation and uniform packing density which leads to a high image quality and

reduced lens complexity. Observing this rule of thumb, hexagonal packing strategy

can only achieve a maximum latitudinal angle span of 60� .

Previous work [59] implements a packing strategy based on a distorted icosahedral

geodesic. By iteratively subdivide a regular icosahedron that is projected onto a

sphere, this method is able to produce an approximately uniformly distributed grid

of circles on the whole globe. Fig.3.18 shows an example of packing 492 circles on

the entire spherical surface applying this method.

Figure 3.18 : Close-packing 492 circles on a spherical surface using distorted icosa-
hedral geodesic method.

Even with global packing method, the extent of the packing area is still limited
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for light paths from di�erent channels may interfere with each other. As shown

in Fig.3.19, when the close-packed region expand an almost 180� , the light paths

get interfered by sensors from opposite side of the globe. Of course, the maximum

packing angle also hinges on speci�cations of the optical system.

Figure 3.19 : Obscuration occurs when two microcameras are sitting in each other's
light path.

Here we estimate the maximum anglecFoV within which the light path stays

obscuration free. Considering a MMS lens of Galilean style, Galilean style has no

intermediate image as opposed to Keplerian style which features an intermediate

image between the objective lens and microcameras, with following parameters, the

focal length of the spherical objective lens isf o, the radius of the objective isR, the

distance between the stop and the center of the objective isdos, the distance between

entrance pupil and the center of the objective isl" , the half FoV angle of each sub-

imager is � . As depicted in Fig.3.20(a), an imaging channel is on the margin of

multi-channel MMS system. The green line which connects the entrance point of the

marginal ray with the center of the objective lens serves as another margin of this

multi-channel system. As long as all the channels are con�ned by the cone included

by these two margins, this system is obscuration free. The clear semi-diameter of

the objective can be approximated as
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Do � p l" � Rq� �
D "

2
� p

f odos

f o � dos
� Rq� �

f
2F {#

(3.9)

where f is the overall e�ective focal length. The free angle cFoV can be calculated

as

cFoV � � � � � arctanp
Do

R
q (3.10)

Assuming a design example with chief parameters as follows,f � 20mm, F {# �

2:5, f 0 � 47:06, R � 21:11mm, dos � 27:49mm,� � 5:7� . Plugging these parameters

into Eqn.(3.9) and Eqn.(3.10), we have the clear angle of FoV to becFoV � 154:7� .

Fig.3.20(b) shows this free packing cap colored in red. This set of design speci�cations

will also be used to show another example with a ring-shaped FoV.

Figure 3.20 : Calculating maximum clear packing angle cFoV within which no light
obscuration occurs between any two channels. (a)For spherical symmetry, this cFoV
can be determined by light path of one channel on the assuming packing boundary.
(b)Calculation result for a set of given design parameters speci�ed in the text.

Cameras with a 360� ring-shaped �eld of view are of great use not only in pub-

lic security domain in parks, squares, tra�c circles and entry/exit ways but also in

surveillance, navigation applications and in Virtual Reality (VR) and Augmented

Reality (AR)[60]. 360� photography is also called panoramic imaging. A common
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way of doing panoramic imaging is by tiling multiple cameras in a circle. As men-

tioned previously, this method usually ends up with bulky and costly hardware. The

rest of the section shows how MMS architecture deals with this subject with superior

dexterity.

As illustrated in Fig.3.21(a), suppose the camera is installed on the top end of a

pole which is 4m above the ground. The view angle (the angle formed by the upright

pole and the dotted lines) of the camera is 45� when aiming at the inner boarder

and 75� when at the outer boarder. By simple calculation, the radius of the inner

boarder is 4m while the radius of the outer boarder is about 14:93m. The distance

between the inner circle and the camera is about 5:67m and that of the outer circle

is about 15:45m.

Figure 3.21 : MMS Camera with ring FoV. (a)MMS camera on a pole with FoV of
a Ring Area. (b) 165 circles are packed on a belt of the top hemisphere with polar
angle ranging from 43� to 76� . (c) Layout of a MMS lens design
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A square image sensor chip would be ideal for MMS lens design for its advantage

in mosaicking. The e�ective focal lengthf is chosen to be 20mm, which is adequate

for the required angular resolution. The aperture size isF {# � 2:5 and the FoV of

each channel is 11:4� .

The microcameras array region covers an extensive portion of the hemisphere, a

local packing method would lead to an inferior quality in terms of packing uniformity.

Here we con�gure our MMS lens by choosing a group of circle slots resulted from the

distorted icosahedron geodesic method shown in Fig.3.18. The corresponding slots

with microcameras are highlighted with red patches in Fig.3.21(b) and in Fig.3.21(c)

shows the layout of the corresponding optical design.

Table 3.3: Characteristics of each imaging channel for more uniform sampling rate.

Channel# 1 2 3 4 5 6 7
Viewing angle (deg) 30.6 43.6 54 62.9 70.3 76.6 82

Axial object range (m) 11.62 13.81 17.01 21.95 29.67 43.15 71.85
Focal length (mm) 15 20 25 30 35 40 45

The �nal optical design consists of 165 microcameras covering a polar angle from

43� to 76� . The covered FoV is not exactly equal to the required due to discretely

aggregated FoV with step of 11:4� of each channel. Fig.3.22(a) shows the dimension

of one channel of the optics. The spherical ball lens has a radius of 21:11mm and the

total track of optics is 60mm. The image area of each focal plane is 2:8mm � 2:8mm,

the resolvable pixel pitch which can be estimated by MTF curves shown in Fig.3.22(b)

is about 1:67�m , therefore, the resolution elements of each focal plane is about 2:8

mega-pixel. The total resolution elements is around 500 mega-pixel.

3.3.2 Multifocal Design

For a single focal length camera, magni�cation varies for objects from di�erent

ranges. The further is the object, the smaller is the magni�cation. This property

may cause di�culty in recognition of objects dispersed over a deep depth of �eld.
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Figure 3.22 : Imaging performance of 360 ring MMS lens. (a)Layout of the one
channel of 360 ring FoV MMS lens design.(b) MTF curves.

Figure 3.23 : Multifocal system. (a) Monitoring tra�c of a long street from its one
end. (b) Multiple imaging channels of the optics. (C) Optical layout of Multifocal
system.

A common solution is by using zoom lens which turns to long focal length for

objects of long range and to short focal length for the close objects. Another al-

ternative is a camera cluster which consists of multiple cameras with di�erent focal

lengths with the long focus covering the remote area while the short focus covering

the close zone.

Compared with these two methods, MMS lens architecture provides a more com-

pact, modular and less expensive way of conducting multi-focal imaging. In MMS
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Figure 3.24 : MTF curves of each imaging channel in multifocal MMS lens de-
sign.(a) MTFs of on-aixs FoV. (b) MTFs of half FoV. (c) MTFs of marginal FoV.

lens architecture, the e�ective focal length of any individual channel can be varied

by changing the secondary optics. By applying di�erent secondary optics, we can

integrate multiple focal lengths within a single optical system. One of such examples

is shown in Fig.3.23(a), for supervising over a extensively stretched street with cam-

era located at its one end. Here, the object plane is a narrow inclined strip which

causes large variability in imaging subject distance. The viewing angle ranges from

25� to 85� . To capture detailed information over this entire strip, a system with

multiple focal lengths is desired. Fig.3.23(b) shows a MMS lens covering di�erent

street segments with channels of varying focal lengths. As the segment moves further

away from the camera, the respective channel increases in its focal length for a more

uniform ground sampling.

Channels with short focal length cover areas close to the camera demanding wide

�eld angle. Channels with long focal length help zoom into areas far away from the
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camera and with relatively narrow �eld angle. Therefore, applying a identical image

sensor format would accommodate this expectation. Assuming the camera is placed

10m above the ground with each channel covering a fraction of the long street shown

in Fig.3.23(a). The whole camera covers a total range of surveillance of 115m. The

�rst channel with shortest focal length covers a FoV of 16� , while the longest one

covers a FoV of 6� resulting in same image size. Table.3.3 tabulates the focal lengths

of each channel and the respective object distances of central �eld of view.

The 7th channel at the bottom edge faces highest pressure in depth of �eld(DoF)

accommodation as it has largest focal length and deepest covering �eld depth. As

indicated previously, this channel covers viewing angle over 79� to 85� which results

in an object range from 52m to 115m. If, for example, vehicle plate recognition is the

major mission of this camera a circle of confusion (CoC) of less than 10mm in object

space would be a standard choice. This corresponds to a CoC of approximately

50�m in camera's image plane. In our design example, the lens aperture isD �

15mm, nearest object rangep1 � 52m. Plugging these two quantities as well as

CoC � 10mm into the �rst equation in Eqn.(3.11) produces the focusing distance to

be p � 87m. And then substituting this result into the second equation, we have the

furthest object range in focus to bep2 � 261m. Sincep2 is greater than the longest

designed operating range 115m, this DoF coverage guarantees that our system would

recognize vehicle plate dispersed anywhere within the monitored region without need

of performing focusing.

p1 �
Dp

D � CoC
; p2 �

Dp
D � CoC

(3.11)

Inclined object plane also leads to image distortion problem as a consequence

of the converging e�ect in transverse direction and deformation in longitudinal di-

rection. Nonetheless, these two e�ects can be described precisely by a linear per-
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spective camera projection model between the object plane and imaging focal plane.

Therefore a simple distortion correction can be employed to solve the problem in

post-processing.

In traditional monolithic lens design, size, weight, cost as well as aberration

or imaging quality are among many factors which limits achievable system speci�-

cations. For a MMS architecture, besides these common factors, physical con
ict

between array units is another equally important constraint. Besides these external

constraints, system speci�cations also play a check and balance with each other. To

determine the limit of one speci�cation, other speci�cations should be considered as

a set of given. In our design example, the aperture sizeF {# � 3 is a common value

designated to a security camera. The image size of each channel is also determined

by a given digital sensor format. The design of shared objective lens is best matched

for the center channel with a focal length of 30mm. Under these conditions, altering

the microcamera for increased focal length not only degrade the imaging quality but

also enlarge the aperture size of the optics which would eventually lead to physical

con
ict between adjacent microcamera units. On the other hand, a reduced system

focal length would move the microcamera towards the spherical lens. Since the mi-

crocamera can not be located inside the spherical objective, which put a limit on the

shortest focal length available. In our design example, physical constraint as well as

imaging quality consideration have been the limiting factors which jointly determine

a focal length limit from 15mm to 45mm.

The �nal design features an optical size less than 0:4L. Fig.3.23(c) shows the

layout of the lens design and size labels of some critical dimensions. Each imaging

channel consists of the commonly shared spherical objective lens and a microcam-

era. The MTF curves of each channel are shown in Fig3.24. For a given spherical

objective lens, there is an optimally matched system focal length at which optimal

imaging performance is achieved. However, the performance degrades mildly as the
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focal length deviates from the optimally matched one. As demonstrated in Fig.3.24,

channels in the middle assume highest MTF achievement for both on-axis and o�-

axis FoVs while a satisfactory performance is obtained as the focal length shifts on

either side with a total zoom ratio about 3� .

3.3.3 Combination of multiple MMS cameras

Figure 3.25 : Achieving 360� horizontal FoV with three back to back MMS lenses.

Table 3.4: Characteristics of MMS lens designs.

FoV iFoV Resolution Elements Optics Volume
System pdeg� q pdeg� q (Megapixels) (Liters)

Rectangle 4:5 � 103 2:3 � 10� 5 200 0.13
(Fig.1) r90� � 50� s r4:8 � 10� 3� sq:s

360 Ring 1:2 � 104 2:3 � 10� 5 520 0.15
(Fig.5) r360� � 33� s r4:8 � 10� 3� sq:s

Multifocal 6:7 � 102 4:1 � 10� 5 to 4:4 � 10� 6 53 0.35
(Fig.7) r61� � 6� to16� s [6:4 to 2:1 � 10� 3� sq:]

360 Horizontal 9:7 � 103 2:3 � 10� 5 420 0.45
B2B (Fig.9) r360� � 27� ] r4:8 � 10� 3� sq:s

360 Horizontal 9:7 � 103 2:3 � 10� 5 420 0.62
Stack (Fig.10) r360� � 27� s r4:8 � 10� 3� sq:s
Full Spherical 1:3 � 105 2:3 � 10� 5 5600 1.70

(Fig.12) r360� � 360� s r4:8 � 10� 3� sq:s
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Figure 3.26 : Achieving 360� horizontal FoV by interleaving MMS lenses in a stack.
(a) Four MMS lenses are combined to interleave a complete coverage of 360� hor-
izontal FoV. (b) Microcameras and the light windows of 360� horizontal stacking
imager.

As discussed in section 3.3.1, light path obscuration prevents arbitrary FoV con-

�guration for one MMS camera. Nonetheless, this limitation can be surmounted by a

combinational use of multiple MMS cameras. One such example is presented in liter-

ature [61], where multiple MMS lenses are co-boresighted to interleave a continuous

coverage of a wide FoV. Here we present another example. In the instance of 360�

ring FoV lens in section 3.3.1, the viewing angle ranges from 43� to 76� . However,

light occlusion occurs when the microcameras array zone approaches the equator as

shown in Fig3.19. As illustrated in Fig.3.25, one simple solution is by implementing
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Figure 3.27 : Tetrahedron geometry of full spherical MMS lens. (a) Space segmen-
tation with four MMS lenses with each one covering a quarter of the full sphere. (b)
Close-packed microcameras on one of the four segments.

Figure 3.28 : Layout view of the full spherical MMS lens.

three MMS lens positioned back to back with each one covering a FoV barely greater

than 120� . Collectively, a 360� panoramic image in horizontal direction is captured

without occlusion.

Another solution which bears resemblance with the Facebook Surround360 cam-

era [49], which presents a spherical camera where free spaces are reserved between

adjacent optics and sensors for light to pass through. To achieve this �eld of view
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using a multiscale array, some microcamera positions are saved for light passages.

For a continuous FoV coverage, we can combine image patches captured by multiple

MMS cameras together. As shown in Fig.3.26(a), four MMS lenses can be stacked

vertically and interleaved for a complete coverage of 360� horizontal FoV. All four

MMS cameras are identical, only being twisted relatively for staggered angular posi-

tions. The cone angle of each small circle here is 10� , the number of circles along one

orbit of the sphere is 36. As illustrated in Fig.3.26(b), each microcamera is looking

through clear tunnel of reserved three circles horizontally, which allows for a near

obscuration free light passage.

The last example presented here is an omnidirectional camera which sees in all

direction with uniform angular resolution. Section 3.3.1 estimated that the largest

obscuration free angle for a MMS lens is less than 80� which implies a minimum of

4 MMS lenses are required for a full 4� spherical FoV coverage. Each camera of

the four is positioned at one of the vertices of a regular tetrahedron and covers a

solid angle slightly more than� steradian. The extra coverage is for overlapping. As

demonstrated in Fig.3.27(a), the area projected by one of the triangular surfaces of a

tetrahedron on its circumscribed sphere dictates the minimum covering area of each

MMS lens. The largest �eld angle for this triangular spherical patch, as depicted in

Fig.3.27(a), is 125:26� . As shown in Fig.3.26(b), we crop out a packing patch from

a close-packed globe with the distorted icosahedron geodesic method. The geometry

of our �nal 4 � full space camera is shown in Fig.3.28, being bounded by a sphere

with radius of 74mm, this imager has a potential of achieving a uniform angular

resolution of ifov=83�rad over full space coverage employing the MMS lens design

used in our �rst example above.

To provide a quantitative perception about all the design instances presented

in this paper, in Table.3.4 shown below describes the �eld of view con�gurations,

angular resolution, information capacity and physical size of each instance. This
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table helps to verify the e�ectiveness of the MMS lens architecture in building high

pixel count, versatile �eld of view con�guration cameras with compact form factor.

3.4 Discussion

In this chapter, we have explored another class of MMS cameras using Galilean style

lens systems. The �rst-order calculation shows that the Galilean design space is more

restricted than the Keplerian style. This tight constraint means that there is limited

space for mechanical support and focus mechanisms and that there is less range for

lens variation. However, the Galilean approach dramatically reduces the overall size,

which is highly desirable in miniaturizing and commercializing the gigapixel camera

products.

To stretch the design space of the Galilean style, we have to discard the idea

of sub-image overlapping between neighboring microcameras. By allowing image

gaps, we can increase the space budget substantially as well as decrease the FOV

angle covered by each sub-imager. The resulting gaps in the captured FoV can be

resolved using multiple co-boresighted MMS imagers. These imagers must implement

a complementary interleaving imaging pattern to cover the desired full FoV. In our

design example, we have illustrated a Galilean style design with a set of identical

speci�cations as that of the AWARE-2 camera, yet our result is more than ten times

smaller even accounting for three parallel arrays. This drastic reduction in size does

not compromise the imaging performance as illustrated by its tolerance data, MTF

curves and spot diagrams.

Although this approach brings about a more compact optics volume, the co-

boresighted idea su�ers from parallax if the object is too close to the camera, which

may cause serious problems in composing wide �eld panorama. The second limitation

is the issue of independent focusing. The focusing capacity is related to the aperture

size of the microcamera. As the aperture size of the microcamera gets reduced, we
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must make sure that a focusing solution is still available.

The second part of this chapter explores the opportunities of devising a variety

of FoV con�gurations o�ered by MMS lenses. MMS lenses embody the principle of

design in modularity, which not only simpli�es the design, reduces the cost, but also

allows 
exible FoV con�guration tailored for di�erent application scenarios. Because

the arrangement of the microcamera arrays determines the FoV shape and size, on the

one hand, there are an in�nite number of packing geometries for the independent

microcamera arrays, On the other, the parameters of each microcamera unit can

be changed independently, which o�ers even more degrees of freedom in realizing

a variety of camera functionalities, such as vary-focal and vary-aperture imaging

systems.
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4

Distributed focus and digital zoom

Focus and refocus, as well as zoom in and out, are basic camera functions for adjust-

ing images for objects at di�erent ranges. Traditional methods of performing these

functions are bulky in size and expensive in costs. This chapter will introduce a sim-

ple and cheap of way of accomplishing the functions. Especially, for parallel cameras

with hundreds of imaging channels, inexpensive focusing mechanism is paramount

for a�ordability.

4.1 Introduction to camera focusing

According to the Gaussian optics, the focal plane of an imaging system is only

conjugated with one single object plane, and the relationship of the two conjugated

positions is expressed by Gaussian lens formula,

1
l1

�
1
l

�
1
f

(4.1)

wherel1 and l represent the object distance and image distance, respectively, and
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f is the focal length. Ideally, a focusing mechanism helps position the lens or focal

plane so that this equation is satis�ed for the desired object or scene region. In

practice, this position match up is not rigorous. For a given focal plane distance

l1, there is an extended object space over which the images are considered to be

reasonably sharp and in focus, de�ned as depth of focus (DoF). The DoF is in
uenced

by many factors, including aperture, focal length, object distance, acceptable image

spot size or often known as circle of confusion (coc). DoF is de�ned as the distance

between the farthest and nearest objects, over which the corresponding image on focal

plane is considered to be acceptably sharp. Large DoF indicates that the camera is

able to form a sharp image over an extensive object distance, hence an active focusing

mechanism may not be needed. Meanwhile, shallow DoF means only a narrow �eld

of the scene is in focus for an instantaneous shot, to cover a extended �eld, a active

focusing mechanism is needed. The considerations for focusing in parallel cameras

di�er from traditional cameras, and this chapter illuminates some unique focusing

related challenges that have emerged in parallel imaging applications, and discusses

viable solutions to these challenges.

Figure 4.1 : Depth of Focus.

Assuming a lens focuses on an object at a range ofp, as shown in Fig.4.1. The
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ranges of the farthest object plane and nearest object planep1 and p2, respectively,

can be calculated as follows

p1 � pp
1

1 � coc
MD

q

p2 � pp
1

1 � coc
MD

q

(4.2)

wherecocrepresents the circle of confusion on the image side,M is the transverse

magni�cation, and D is the aperture size of the lens. The transverse maginifcationM

is related to the focal lengthf and object plane distancep by M � f
p� f . The di�er-

ence of thep1 and p2 de�nes the DoF. As the focal plane goes to in�nity the nearest

object plane distance becomesp2 � Df
coc. Generally speaking, long focal length, large

aperture and high resolution all indicates narrow DoF, and hence focusing mecha-

nisms become necessary.

Hyperfocal plane refers to an object plane, focusing on which maximizes the DoF.

The distance of the hyperfocal planeH can be approximated asH � D
iF oV , whereD

is the aperture size of the entrance pupil andiFoV represents the instantaneous FoV,

or the angular resolution. When focusing on the hyperfocal plane, the nearest object

distance isH {2 and the farthest is at in�nity. For example, the normal pupil size of

an adult averages about 5mm and angular acuity is about 3� 10� 4rad, therefore the

hyperfocal distance of human eyes is about 16:67m, and the closest object distance

is 8:34m. By changing the optical power of eye, a normal human eye is able to focus

on closest point at about 70mm and farthest distance at in�nity.

The majority of camera systems must incorporate focusing mechanisms for cov-

ering an extended object range. Besides maintaining sharp images for objects at

di�erent ranges, focusing can also be used to compensate for lens errors such as

alignment error and certain types of element defects. Focusing has been a long time
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studied topic in camera industry. Various ways of focusing have been proposed and

implemented. The view cameras in early times used 
exible bellows to manually ad-

just the distance between the lens and the focal plane. Today's focusing mechanisms

can be divided into two categories, active focusing and passive focusing. The active

methods perform focusing by measuring the object distance. The cameras send out

ultrasonic waves, or laser beams, and the distance is obtained by clocking the time

of 
ight. Trigonometry can also be used for range metrology. For example, two

light paths are designed to form double images, the focusing is manually achieved by

aligning the double images.

Focusing with active distance measuring can be accurate, nonetheless, at the cost

of high energy consumption, su�ering from low e�ciency, and limited in operating

range. Current consumer cameras and video-cams rely heavily on passive focusing

methods. The most popular methods are contrast based method and phase detection

based method. Contrast based method is basically a trial and error method, the

right focusing position is reached by a sequence of trial motions of the lens. In

each searching step, the contrast is calculated with the captured image data. Based

on the contrast history, a judgment is passed and the searching procedure is either

settled or continued. The phase detection based method is mostly commonly seen

in Single-lens re
ex (SLR) cameras. The phase detection requires an extra light

path consisting of mirrors, lens elements, and detectors. The phase detection forms

two di�erent images of the subject with beams of light from two di�erent regions of

the aperture. Based on the displacement of the two image signals, the system can

�gure out the right direction to move and right position to settle. Since the phase

detection knows the exact move and requires no hunting step, it enables faster focus

than contrast based methods. Aside from the traditional methods, new technology

such as dual pixels appears for providing faster and more accurate focusing solution.

However, it trades image quality for high focusing performance, since the pixel size
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is reduced by a factor of two.

The preceding methods perform focusing by adjusting the position of the op-

tics(sometimes position of the focal plane instead, but rarely so due to tight align-

ment tolerance). Several other focusing methods try to avoid subjecting optics to

motion. Liquid lenses adjust focus by changing the radius of curvature of the optical

surface, or index of refraction[62]. Wavefront coding is another attempt to eliminate

mechanical motion at all. The wavefront coding introduces aberrations intentionally,

and engineers depth invariant point spread function (PSF). By doing so, a clear all

in focus image can be produced by a simple deconvolution[63],[ 64]. Light �eld imag-

ing has been proposed for post-capture focusing[15]. Despite all new concepts and

ideas, these methods are still in the primary stage, and premature for mainstream

applications either because of high costs or inadequate performance.

A variety of sophisticated hardware for focusing has been developed and upgraded

in camera industry. The focusing subsystem usually consists of a driving motor,

transmission gear box, traveling lens track and other supporting components. The

choice on the mechanical system should be based on the metrics such as accuracy,

fast response, quietness, high reliability, low energy consumption, compactness and

low cost. The earlier focusing mechanisms were integrated in camera bodies, and

motion is transmitted with a mechanical 'screwdriver'. Later on, the industry decided

that the focusing mechanisms should be incorporated into the lenses for improved

performance. The driving motors have evolved from the early permanent magnet

DC motors to today's more advanced stepper motor and piezoelectric ring motor

with much higher precision and other improved performance. The camera modules of

miniaturized size is a new trending for driving new focusing mechanism. Represented

by the voice coil motor(VCM) based focusing mechanisms, which are manufactured in

a volume more than 1 billion units annually, the number of these focusing modules has

long since exceeded the total numbers of traditional focusing gears produced over the
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past 100 years. The VCM is a linear electromagnetic motor derived from applications

of loudspeakers. Through intense market competition, the quality of these modules

has be ground and improved to the point comparable with any other mechanisms.

VCM drives lens assembly directly which means there is no intermediate transmission

needed, and the driving direction is controlled by the direction of the current 
ow.

The low cost technologies developed in miniature camera community o�er exciting

opportunities for long focal length cameras. This chapter describes designs using the

miniature focusing mechanism (MFM) found in today's cellular phone and camera

array architecture to build inexpensive, compact and fast focusing and digital zoom

functionality in high resolution camera systems.

4.2 Focusing with miniaturized focusing mechanism

4.2.1 Motivation in adopting MFM in non-miniaturized cameras

A proper focusing mechanism is critical for creating images comprehensible to hu-

man visual understanding. Over the long history of imagery, whether for the still

photography or videography, capturing images with high contrast is compulsory for

imaging systems. Meanwhile, cameras are often required to capture scenes or objects

over a extended range or �eld depth. Therefore, focusing is a must for the camera

devices with a narrow DoF.

In practice, if the camera either has short focal length, low resolution speci�-

cation, or �xed object range, then a dedicated focusing mechanism is unnecessary.

Otherwise, a focusing mechanism is indispensable. Early phone cameras captured

VGA-scale resolution in the absence of focusing. As pixel count reached and soon ex-

ceeded 2 megapixels, dedicated focus became mandatory. As the total resolution be-

comes even higher, more sophisticated focusing mechanisms emerge correspondingly.

The total accessible pixel count is one of the critical indicators of the performance of

a focusing mechanism. The total pixel count should be calculated as summation of
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pixel count over every focusing position. Currently, miniaturized camera modules of

various kinds are capable of capturing pixel volumes in excess of 10 megapixels. This

pixel count can be maintained over 10-20 focal positions. The total accessible pixel

range, in excess of 100 megapixels, is comparable to the high end digital single lens

re
ex (DSLRs). The exceptionally high information throughput is derived from the

superior quality of the miniature optics over traditional ones. Aperture size of small

scale tends to have much higher information e�ciency than that of large aperture

ones owing to the scale laws of lens design [65].

Unlike driving motors in the traditional cameras, such as step motor (STM) and

ultrasonic motor (USM), actuators in miniaturized camera are small in size, light in

weight and e�cient in energy consumption. For example, the dominating voice coil

motors (VCM) implementation enables fast, precise, robust and inexpensive focusing.

Using small inertial mass and fast electromagnetic response, VCMs allow camera to

lock on and keep track of high dynamic scenes. Larger size lens naturally has larger

mass, which slows the motion. VCM focus adjustment times are typically less than

10ms [66],[ 67],[ 68], in contrast with¡ 0:1s for typical full aperture cameras [69],[ 70].

The focusing performance of miniaturized cameras has improved rapidly in terms of

speed, preciseness, mechanism size and power consumption over the past decades[71],[

72],[ 73]. Currently available systems also support additional functionalities such as

image stabilization (IS) and inexpensive image processing.

Lastly, the growth of geometric aberration with scale, the complexity of tradi-

tional monolithic lens increases non-linearly with information capacity . Previously,

we have proposed parallel camera as a straightforward solution to high resolution

wide �eld of view camera development [1]. However, parallel cameras require inde-

pendent focusing mechanisms for each individual channel, since each channel points

to di�erent direction. A large number of regular sized focusing mechanisms would

account for a large amount of cost, space tension and operation overhead. MFMs
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provide a timely solution which matches perfectly with the many motives behind the

parallel camera architecture.

4.2.2 Focusing with low cost mechanism transferred from miniature cameras

MFMs operate under tight space and power constraints. To transplant it to the

regular cameras, the focusing optics must be subjected to constraints featured by

miniaturized lenses in size, weight and power consumption.

Figure 4.2 : Critical parameters in applying MFM into conventional lens architec-
ture.

To start the design work, we �rst specify overall focal lengthf , system aperture

F {# and �eld of view FoV as usual. A simpli�ed �rst order model helps clarify the

trade-o� and constraints associated with such a system. As depicted in Fig.4.2, our

model contains two optical groups, a front group with focal length denoted byf 1 and

a focusing group in the back with focal lengthf 2, and the separation in between isd.

To complete the model, stop position is another critical parameter to be chosen with

care. Here stop position is described byds which represents the distance between

the stop surface and the front lens group. A well selected combination of these four

parameters would help accomplish the design speci�cations under the permission of

the constraints.
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After de�ning all the variables, here we express the constraints using the de�ned

variables. The followings are equations expressing three most critical constraints

when designing such systems, they are all labeled in Fig.4.2

D1 � 2tanp
FoV

2
q

f 1ds

f 1 � ds
�

f
F {#

(4.3)

D2 � 2tanp
FoV

2
q
f 1pd � dsq

f 1 � ds
�

l2
1

F {#
(4.4)

l2
1 �

pf 1 � dqf 2

f 1 � f 2 � d
(4.5)

Where D1 and D2 denote the clear aperture diameter of the front group and the

back group respectively,l2
1 represents back working distance of the back group. First,

the employment of MFM imposes two unique constraints on this design work. The

aperture diameterD2 and back working distancel2
1 of the focusing lens group should

be small enough in order to be �tted into the package of the MFM, whose typical size

is less than 6mm in all dimensions. Second, to ensure an acceptable imaging quality

which requires well corrected aberration and a relative simple lens build, a good rule

of thumb is the aperture diameter of a lens group usually had better not be larger

than its focal length, or to express it mathematically, asD1 ¤ | f 1|; D2 ¤ | f 2|.

These parameters impose tight limitations on achievable systemFoV; F{# as

well as f . Indicated by Eqn.(4.4), First, by placing the stop close to the focusing

group can reduce the clear aperture pressure imposed by the systemFoV. However,

this action would shift the aperture pressure to the front group as indicated by

Eqn.(4.3). Therefore, the choice on the position of the stop surfaceds can be used

to strike balanced clear apertures for the front group and the back group.

SmallD2 also indicates a relative narrow systemFoV compared with regular cam-
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era lenses as implied by Eqn.(4.4). Therefore, small format image sensors should be

employed. Moreover,VCM mechanisms are typically designed to match such sensors.

Though the noise and low dynamic range performance of small pixel sensors does not

match larger systems, the performance has improved signi�cantly due to the massive

market demand. Where greater dynamic range and noise performance is required,

it is likely better to use arrays of small pixel sensors or dynamic sampling using

such sensors than to resort to traditional large pixel systems. The rapidly advancing

semiconductor industry has driven the price of sensor chip mass produced sensors to

extremely low levels, making such array systems less expensive than larger sensors.

Technologies such as back side illumination (BSI) with high photon e�ciency also

improves their low light performance and suppresses the noise associated with small

pixel pitch. Innovations such as non-planar technology and new materials have made

the chips even compact.

Figure 4.3 : FoV of MFM focusing lens. (a) Much limited FoV without using �eld
lens.(b) Enlarged FoV with use of �eld lens.

Even with the approach of adjusting the position of stop surface and the employ-
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ment of small format image sensors, achieving desiredFoV still remains a hard task.

As demonstrated in Fig.4.3, one simple solution is by placing a �eld lens after the

stop surface. This �eld lens helps by bending light beam from high �eld angle into

the small aperture of the back group.

Besides the tightly constrained space, another challenge associated with the em-

ployment of MFM is that a typical VCM can only provide a traveling range greater

than 300�m , this is hardly enough for focusing regular lenses. We address this issue

next.

4.2.3 Travel range reduction with increased focal power in front lens group

Except for rare cases where the whole optical assembly is moved for focus and refocus,

the majority of the lens systems perform focusing by moving only one element or

one sub-group. The bene�ts are manifold. First, moving fewer elements requires less

driving force. Second, the optomechanics tends to be simple and cheap. Lastly, it

o�ers the opportunity of balancing the tradeo� between the focusing resolution and

focusing range. This section explores travel range reduction by distributing optical

power between two lens groups.

Image position is related to object position by the Gauss lens formula1l1 � 1
l � 1

f .

In practice, designers rarely move the focal plane because it is rather sensitive to

misalignment. Lens elements motion is a better option for focal adjustment. Over

the focusing process, the conjugate distance between the object and the image plane

is invariant, therefor, should be used as independent variable as denoted by capital

L as shown in Eqn.(4.6). This equation is only a changed form of the Gauss lens

formula for emphasizing the relationship between the image distance denoted asl1

and the conjugate distanceL which can be calculated asL � l1 � l , l is the object

distance. By convention, a real object lies to the left of the lens and objects to the

right are considered virtual. Distance to the left side of the lens is negative and that
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to the right is positive. For an image on the right side of its object, we de�ne the

conjugate distanceL to be positive, otherwise to be negative. The focal lengthf is

positive if the lens has positive power while it is negative for the lens has negative

power.

l1 �

$
'''''''''''&

'''''''''''%

1
2pL �

a
L2 � 4Lf q if l P r�8 ; � 2f s Y p� f; 0s&& f ¡ 0

1
2pL �

a
L2 � 4Lf q if l P p� 2f; � f s Y p0; �8s && f ¡ 0

1
2pL �

a
L2 � 4Lf q if l P r�8 ; 0q Y p� f; � 2f s&& f   0

1
2pL �

a
L2 � 4Lf q if l P p0; � f s Y p� 2f; �8s && f   0

(4.6)

All possible imaging cases are accounted for in Eqn.(4.6). Since the object and

image positions are interchangeable, there are two solutions for the image distancel1

for a given conjugate distanceL and focal lengthf . The �rst two equations account

for positive lenses, and the last two equations account for negative lenses. Although

the cases are many, we won't dive into each of them in this document. Only these

relevant to the speci�c design constraints will be studied and presented.

Among many important parameters for the focusing motion, traveling range de-

termines the depth range of the scene over which the lens system is capable of

covering. Generally, a deep depth requirement dictates a long traveling range and a

shallow depth for a short traveling range.

As illustrated in Fig.4.4, assuming a camera changes its focusing point from the

object a to object b with conjugate distances ofLa to Lb respectively. After focusing,

the image distance changes fromla
1 to lb

1. The required traveling rangeR is given

by

R � | � l1| � | la
1 � lb

1| (4.7)
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Figure 4.4 : Focusing with lens translation in axial direction.

Here we con�ne ourselves in cases of photographic or telescopic lenses, in which

the object distance is much greater than the focal length of the optics. Therefore, it

is safe to assume thatL " 4|f |. Applying this assumption to the �rst expression in

Eqn.(4.6) and then feeding the result into Eqn.(4.7), the traveling rangeRo can be

expressed as

Ro � f 2|
1

La
�

1
Lb

| � f 2|
1
la

�
1
lb

| (4.8)

As shown in Fig.4.5, the far focusing point for majority of lenses is designated at

in�nity, i.e., la � �8 , consequentlyRo � � f 2 1
lb

.

Eqn.(4.8) indicates that the traveling range is equal to the squared focal length

times the diopter di�erence between the two positions. For example, for a lens of

focal length f � 30mm to be focused from in�nity to 2m requires a traveling range

of about 450�m . This traveling range is beyond the capacity of most MFMs. The

solution is to avoid subjecting the whole lens assembly to motion and instead to

assign the focusing task only to a sub lens group.

The simplest case is a two group lens system model, as illustrated in Fig.4.5.(b).

The lens system consists of two lens groups, the front group has no moving agent
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Figure 4.5 : Focusing by lens motion. (a)Focusing by translating the whole lens
elements. (b)Focusing by translating only a back group lens with negative power.

and stays stationary while the back group is driven by a actuator and assigned for

focusing. The focal length of the front group is denoted asf 1 and that of the back

group is f 2, the total e�ective focal length f can be expressed as

f �
f 1f 2

f 1 � f 2 � d
(4.9)

Where d is the separation between the two groups. For a practical lens system,

the total e�ective focal length should be speci�ed by the application and is usually

positive if used with a physical image sensor. Meanwhile, the choices onf 1,f 2 and

d are in the discretion of the designer subjected to certain constraints. For our

purpose in this work, we desire a large aperture for the front group to ensure a
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practical system f-number and a small aperture for the back group to �t into the

small package of the MFM. Therefore, a positive lens for the front group is necessary.

As for the back group, the current conditions and constraints have no preference on

a positive or negative lens power yet. However, there are two other conditions which

could help to narrow the design space further. First, the intermediate image from the

front group should fall behind the second group for compactness. Second, the �nal

image should be a real one to be received by an image detector. To satisfy these two

conditions, for a positive back group, its object position should fall into the interval

of p0; �8q , while for a negative back group, its object position is dictated to fall into

the interval of p0; � f q. According to Eqn.(4.6), the expression of the image distance

l1 are the same for both cases.

To summarize, for the front group, its condition falls into l P r�8 ; � 2f s and

f ¡ 0. While for the back group its condition falls intol P p0; �8q and f ¡ 0 or

l P p0; � f qand f   0. After successfully narrowing the design space to a manageable

size, our next task is to �nd solutions of reduced traveling range inside this design

space. The straightforward way is to write down the expression for the traveling

range as a function of parameters of the lens system. This function could reveal

information on which lens parameter could be tweaked for reducing the traveling

range.

The traveling range is the di�erence of the image distances of the far and near

object positions. The position of the �nal image can be derived by applying the

corresponding equations in Eqn.(4.6) twice. The �rst one is to calculate the position

of the intermediate image formed by the front group. Then treating this intermediate

image as the object of the back group, applying the formula again on the back group,

then the �nal image position can be acquired. In our case, the converging light of

the intermediate image hits the back group before it comes to a focus. However,

this does not disrupt the calculation at all since the sign convention takes care of all
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situations.

Assuming our two groups lens camera changes focusing position over a range from

la � �8 to lb and assuming� lb � Lb " 4|f 1|. Under this assumption, the distance

disparity of the intermediate images can be written as

� l1
1 � � f 1

2 1
lb

� p
f 1

f
q2Ro (4.10)

The intermediate imaging distances of objects a and b arel1a
1 � f 1 and l1b

1 �

l1a
1 � � l1

1 respectively as shown in Fig.4.5(b). To avoid confusion and abusive use

of notations, let us explain our method of naming variables here. The subscripts

1 and 2 signify the quantities which are related with the �rst lens group and the

back lens group respectively. Subscriptsa; b are associated the two corresponding

objects. This notation method will continue to be implemented over the rest of the

manuscript.

The intermediate images are to be treated as the objects of the back group.

Observing Eqn.(4.13) reveals that the position disparity of the intermediate images

� l1
1 is a small quantity under the assumption|lb| " f 1. Therefore, instead of applying

Eqn.(4.6) directly, we employ the �rst order derivative approximation as shown in

Eqn.(4.11). Not only this could save us from messy math but also bene�t for revealing

the major essence of the relationship among the many parameters.

� l2
1 �

Bl2
1

Bl1
1� l1

1 (4.11)

Since the �nal image plane is �xed in position, we haveBl21

Bl11 � Bl21

BL 2
. Combining

Eqn.(4.6) and (4.11), the traveling range of focusing in our solution can be derived

as
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R � | � l2
1| �

1
2

| 1 �
L2 � 2f 2a
L2

2 � 4L2f 2

| p
f 1

f
q2Ro (4.12)

Where

L2 �
�p f 1 � dq2

f 1 � f 2 � d
(4.13)

Let f 1 � �f and d � �f , a useful and physically viable lens system requires

f ¡ 0; d ¡ 0, i.e., � ¡ 0. Additionally, our previously limited design space requires

� ¡ � . De�ning traveling range ratio as 
 � R
Ro

, then combining Eqn.(4.9), (4.12)

and (4.13), we have


 � |
� 2

1 � � 2
| (4.14)

Figure 4.6 : Traveling range ratio VS. focal length ratio of front group.

Fig.4.6 shows
 as function of� in our design space.
 is monotonically increasing

as � increases on the left half of the plot, and� �
?

2
2 is the critical point where
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 � 1. Thus, f 1  
?

2
2 f leads to a reduced traveling range. This also dictates a back

focusing group with negative power which results in a telephoto lens style. However,

it is obvious that f 1 cannot be made arbitrarily small, since short focal length would

lead to di�culty achieving targeted system aperture size. The right half of the plot

in Fig.4.6 also indicates a reduced traveling range can never be achieved in case of

f 1 ¡ f or f 2 ¡ 0.

4.3 Design example

4.3.1 Design details

Here we present a lens design example shown in Fig.4.7. The image sensor is of type

1{2:8 IMX335 diagonal 6:52mm from SONY security product line. The e�ective

pixel number is about 5:14M (2616� 1964) and pixel pitch is 2�m � 2�m . The

design instance has overall focal length off � 30mm, FoV � 6:2� and F {# � 3.

The focal length of the front group isf 1 � 17:49mm and that of the back group

(focusing group) isf 2 � � 5:43mm and separation between them isd � 15:23mm.

Thereafter, � � f 1
f � 0:58; � � d

f � 0:51. Applying the result from Eqn.(4.14), the

traveling range ratio 
 � 0:51.

Figure 4.7 : Layout of the design example of the MFM lens with its highlighted
MFM optics.

As shown in Fig.4.7, this design example consists of a front group, a �eld group
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and a focusing group(back group). The �eld group and focusing group are made out

of molded polycarbonate (nd � 1:586; Vd � 29:91) and Zeonex (Louisville, KY) E48R

(nd � 1:531; Vd � 56:04) and the elements in focusing group use even-polynomial

aspheric surfaces. The front group has large aperture size and is made out of glass

elements from Schott catalog. This lens can focus from 2m of near point to far point

at in�nity. Over the total focusing shift, the focusing group travels a range of 209�m

corresponding to
 � 0:46 which is slightly less than the calculated value 0:51. This

small di�erence can be accounted for by the depth of �eld (DoF) of lens which allows

the focal plane to be slightly o� the idea position.

Figure 4.8 : MTF of the lens.(a)MTF of far point when focusing at in�nity.(b)MTF
of near point when focusing at 2m distance.

Fig.4.8 shows the modulation transfer functions (MTFs) of our lens example when

object is at in�nity and 2 m respectively. The plots extend to the Nyquist frequency

of the image sensor at 250 cycles/mm.

It's worth noticing that our design resembles the accessory lens which is used to

modify the focal length of cell phone camera by attaching it to the front. These prod-

ucts are clipped on the cell phone camera without considering precise alignment[74].

Therefore, the MTFs deteriorate signi�cantly thus leading to corrupted image qual-

ity. Careful tolerancing of the alignment between the front group and focusing group

shows that to guarantee high imaging quality, the tilt tolerance is about� 0:2� and
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the decenter tolerance is about� 25�m . This alignment tolerance is achievable in

mass-production but not likely by clipping accessory lenses.

4.3.2 Universal focusing

Conventionally, elements from same lens are highly correlated and inseparable since

they are meant to modulate the light beam and correct aberrations collectively as

intended during the design stage. It is rare that lens elements can be disassembled

and reused in another di�erent lens design, especially when high MTFs are required.

However, in our design scheme, the light has been preprocessed and shaped sub-

stantially before it enters the focal group as shown in Fig.4.5. This preprocessing

has the potential for preparing a standard light of beam for a universal back group

processing.

Universal focusing can reduce the development cost signi�cantly. The optics in

miniature cameras is commonly composed of aspheric plastic elements made out

of injection molding[75]. Making molds accounts for a large proportion of cost.

Universal focusing helps cut o� the number of molds needed therefore cutting o�

that portion of the cost.

As discussed in previous sections, implementing MFMs imposes rigid constraints

and limitations on lens speci�cations. A family of lenses employing a common MFM

share some constraints. First of all, the traveling range enabled by the actuator is

�xed, therefore, the scene depths of each lens should be subjected to a same traveling

range limit. Secondly, the highest f-stop or aperture denoted byF {# is limited by

this common MFM. Lastly, since image sensor is built into the miniature focusing

module, the marginalFoV of each lens will be subjected to same maximum image

height.

Fig.4.9(a) presents a collection of eight lenses are presented with focal length

ranging from 25mm to 60mm. The focusing group of each lens is implemented using

95



Figure 4.9 : Universal focusing.(a)Di�erent lens systems using a common miniature
focusing group.(b)Highlighted common miniature focusing group.

an identical optics design as highlighted in Fig.4.9(b). The dimension of this focus-

ing group is optimized for �tting into a typical VCM encapsulation. The focusing

parameters are provided on Table.4.1. The last column on Table.4.1 shows all
   1

which implies a reduced traveling range.

Table 4.1: Characteristics of universal focusing on a group of lenses of varying specs.

Lens.# f(mm) F {# � lbpmq Rp�m q Rop�m q 

1 25 2.5 2 238 313 0.76
2 30 3 3 207 300 0.69
3 35 3 4 238 306 0.78
4 40 3 5 252 320 0.79
5 45 3.5 6 224 338 0.66
6 50 3.5 8 204 313 0.65
7 55 3.5 10 208 303 0.69
8 60 4 12 205 300 0.68
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4.4 Digital zoom with array cameras

4.4.1 Two basic con�gurations of array cameras

The implementation of MFM imposes strict limitation on the size of image sensor.

Therefore, such a lens can only capture relatively narrowFoV. Moreover, it is too

much challenging to perform optical zoom with small lenses. Instead of using a sin-

gle lens, we build parallel cameras with arrays of lenses. Parallel cameras synthesize

wide �eld image by stitching image units from multiple channels and provides a

panoramic view imitating the function of 'zoom-out'. Meanwhile, with small pixel

pitch and lens of high MTF performance, each camera generates high angular res-

olution image which supports a deep digital zoom-in capacity. As described in [1],

parallel cameras present novel opportunities by radically increasing the information

capacity of cameras in terms of pixel count per unit volume, weight and cost. In

practice, large portion of cost of cameras goes to the focus and zoom mechanisms.

Through parallel architecture, cost associated with optical zoom is largely eliminated

and optical zoom can be replaced by more e�cient digital zoom.

Parallel cameras consist of numerous camera units. Each unit is acting like a

building block. This arrangement o�ers high 
exibility on building cameras of ver-

satile speci�cations and ability of easy re-con�guration[76]. As shown in Fig.4.10(a),

optically independent lenses are positioned over a pre-designed angular grid with

each one covering a corresponding angular subsection. In Fig.4.10(b), we illustrate a

MMS architecture[21]. MMS cameras consist of two parts, one is monocentric objec-

tive lens with large aperture in the front and the other is multiple microcamera array

in the back. Since the objective lens is shared by all the array units, this architecture

is more compact and e�cient in context of information per volume.
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Figure 4.10 : Parallel cameras.(a)Cameras array with MFM.(b)Monocentric multi-
scale lens with MFM.

4.4.2 A design example of a MMS lens with high digital zoom ratio

An inexpensive and simple focusing solution for MMS lens architectures is highly de-

sireable. Several previous trials relying on piezoelectric motor have been successful

but too expensive for mass production [54],[ 55],[ 56]. MFM based on VCM actu-

ators provide a promising chance resolve this challenge. Here we present a design

example to demonstrate the e�ectiveness of this new approach which enables a low

cost parallel camera capable of high digital zoom ratio.

The design work starts out with the same image sensor 1/2.8 SONY IMX335

used in our previous lens example in Sec.4.3. We choose an overall focal length of

f � 45mm, aperture size ofF {# � 3 and �eld view of each channel ofMFoV �

8:28� . The physical angle subtended by each microcamera is� � 7� , therefore the

overlap between adjacent channels is 1:28� . The lens focuses from in�nity of its far

point to 5m of its near point by translating the focusing group in axial direction

with traveling range of 260�m which indicates a traveling range reduction ratio of


 � 0:64. Fig.4.11 shows the layout of the lens system. The whole system consists

of a concentric objective lens in the front and a microcamera lens array in the back

adding up to a total track length of 124:10mm . The front objective lens is made
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Figure 4.11 : Layout and critical dimensions of the design example of MMS lens
with built in MFM.

up of two concentric spherical layers. The inner layer is a solid ball lens made of

fused silica and the outer shell is made of S-NBH8 glass from Ohara catalog. The

stop surface sitting between the objective lens and microcamera lens serves as an

important light controller balancing the two parts of the system. The microcamera

lens immediately following the stop has a stationary front group which condenses

the light beams and compresses them into the focusing group with a relatively small

aperture size. There are four elements in the focusing group with each one being

made of aspheric plastics including polycarbonate and E48R from Zeonex. The

aperture diameter of each element is controlled to be less than 6mm complying with

the size constraint of the MFM packages.

As discussed in several previous MMS studies, the spherically symmetrical layout

renders o�-axis aberrations insigni�cant and the only aberrations of concern are

spherical aberration and sphero-chromatic aberration. The aspheric pro�le employed
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Figure 4.12 : MTF curves of the design example at two working distances.(a)MTF
curves with object being at in�nity.(b)MTF curves with object being at 5m.

in focusing group can e�ectively correct for these two remaining aberrations. The

pixel size is 2�m and the Nyquist frequency is 250lp{mm. As illustrated in Fig.4.12,

the contrast reproduction is above 10% at the maximum frequency and above 40%

at 125 lp/mm which is half of the maximum for both working distances at far point

of in�nity and near point of 5 m.

Alignment and assembly of the microcamera array are issues of paramount im-

portance. The microcamera array is packed on a spherical doom with a cone shaped

space cell reserved for each imaging unit. The angle of the cone with vertex in the

center of spherical objective lens measures the space allotted to each unit, which is

called physical cone angle. On one hand, the physical cone angle should be large

enough for �tting into the assemble of the microcamera unit and to prevent physical

con
ict between neighboring units. On the other hand, it should be controlled for

preventing image gaps and ensuring overlap between neighboring microcamera �eld

of view (MFoV). As illustrated in Fig.4.11, the physical cone angle in our design work

is � � 7� which implies a overlap of 1:28� . The �rst surface of the focusing group

is about 75mm away from the vertex which provides a lateral dimension of 9:17mm

inside the cone. This is su�cient for accommodating a typical VCM assembly.

Tight tolerance requirement on focusing group alignment increases cost and thus
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hurt productivity. Fortunately, in our design example, the decenter is about� 30�m

and the tilt is about 0:25� which are commercial precision and can be easily satis�ed

in mass production.

The MMS lens can easily achieve a total FoV coverage greater than 100� by piecing

together a large amount of microcameras. In our design example, the instantaneous

FoV is about 45�rad for each pixel which indicates an equivalent focal length of

180mm for a full frame camera. To summarize, with a imaging system being capable

of wide angle and telephoto simultaneously, a superior digital zoom capacity is easily

guaranteed.

4.5 Discussion

Focus and zoom mechanisms comprise a signi�cant part of the total costs of camera

systems. Over the past 20 years, related technologies in traditional cameras has been

improved much more slowly than that in miniaturized cameras. By borrowing the

focusing mechanism from miniaturized camera, the size and costs of traditional cam-

eras can be reduced considerably. This paper discusses the challenges, along with

transferring miniaturized technology and possible solutions to handle these chal-

lenges. Small sensor format and the implementation of �eld lens help produce valid

lens solution under highly constrained small space. By assigning right focal power

to di�erent lens groups, reduced traveling ranges are achievable. And �nally, With

parallel camera architecture, a new paradigm of camera design enables simultaneous

wide FoV and high angular resolution image throughput, which indicates signi�-

cantly increased space-bandwidth product. This high information throughput allows

deep range digital zoom without compromising image quality.

However, small format sensors and highly constrained space, which are unavoid-

able with MFM, impose a limitation on the overall focal length of the system. As

focal length increases, useful aperture size andFoV become hard to achieve. Even
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with well-corrected aberration, the di�raction e�ect from large F {# would 
ood the

small pixel pitch. Besides, theFoV will become too narrow, and the alignment of

di�erent units in parallel cameras becomes too much challenging.
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5

Thin lenses

The previous chapters elaborate on the theme of parallel cameras. The core motiva-

tion behind parallel cameras is to raise the information e�ciency measured by pixel

numbers per unit cost. This chapter discusses thin optics and thin cameras, which

essentially also deals with the question of increasing information e�ciency measured

by pixel numbers per unit volume. The pursuit of thin lenses is not only for im-

proving the imaging performance of current miniaturized camera modules, but also

to provide easy accessibility for many other applications where size and weight are

under tight constraints.

5.1 Topic introduction and motivation

The need for thin cameras has grown with mobile and wearable camera applications

over the past 20 years. Several groups have recently demonstrated thin optical el-

ements based on metamaterials [22],[ 23],[ 24], geometric phase modulation [25] or

di�ractive elements [26]. While thin lenses are necessary for thin cameras, however,
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thin optics are not su�cient to produce thin optical systems. Naively, a thin lens

with focal length F still requires that the camera thickness be greater thanF , no

matter how thin the lens is. This chapter investigates catadioptric method, optical

designs that combine thin optics with high index materials and re
ective interfaces,

and optical cavities to produce thin cameras.

Currently, thin camera design strategies focus on folded optics [28],[ 29], multi-

aperture sampling [11],[ 12],[ 13] and coded apertures [30]. The relative success of

these e�orts may be evaluated using the telephoto ratio, e.g. the thickness of the

optical system divided by the e�ective focal length. "E�ective focal length" is a key

concept in this de�nition because the de�nition of focal length may be subtle. In-

deed, coded apertures do not use focal optics at all. With this in mind it is better for

present purposes to de�ne the telephoto ratio asT � L � � { � , L is the system thick-

ness, � � is the angular resolution and� is the operating wavelength. This measure

may account for the loss of modulation transfer function (MTF) and resolution asso-

ciated with annular apertures or multiplexing noise associated with multiple aperture

and coded aperture imaging. According to this measure, folded systems may achieve

telephoto ratios of 0.75. Multiaperture "TOMBO" style systems only reduce system

thickness if the sensor pitch is so large as to dominate angular resolution. Neglect-

ing the possibility of sensor undersampling, such systems do not achieve telephoto

ratios below 2. Coded apeture systems achieve optimal angular resolution of
a

� {L

[31], meaning that the telephoto ratio is
a

L{� , which is typically 30 or more. Here

we show that meta-lens in combination with high index media may be expected to

achieve telephoto ratios as low as 0.6.

Metalenses o�er particularly unique advantages in multi-camera arrays. In smart-

phones, major manufactures increasingly compete to integrate more camera units in

their devices. Array cameras are also popular in applications for security, surveil-

104



lance, automation, virtual reality (VR) and augmented reality (AR). Typical arrays

pack microcameras into curved mounts which tilt the axis of each camera unit dif-

ferently.This approach increases system thickness even when each lens unit is thin.

To reduce the thickness of lens arrays as proposed in [77], we need to remove a large

portion of the tilted lens aperture. As also elucidated in the patent, lens tilting is

particularly troublesome for lens units having a larger lateral dimension than the

axial dimension. Here we show a thin meta-surface prism can point a microcamera

without physically tilting the lens, which facilitates easy manufacture of thin camera

arrays.

5.2 Conceptual strategy

Under a typical application requirement, the desired angular resolution �� and the

operating wavelength� are �xed. Thus the only hope to reduce the telephoto ratio

requires a reduction inL. There are three commonly used strategies for lens track

reduction, including telephoto designs, folding optics and using complex surface �g-

ures. The telephoto ratio originally is based on the telephoto design de�ned as the

ratio of the physical length to the focal length, i.e.,L{f , which is less than one for

constituting a successful telephoto design. Folding optics uses mirrors to fold the

light path multiple times. The length reduction is inversely related to the times of

the folds. Complex surface �gures also make thin lenses, since geometric aberration

can be corrected for with only a few of these surfaces, which also indicates faster

lenses, thereby small telephoto ratio is implied. A good example is lens modules

used in cellular phones, where complex aspheric surfaces are employed for aberration

control under a tight thickness constraint. And these tree strategies can be used in

combination for yielding even better results.

Among the three strategies, folding optics produces the most signi�cant results.

The folding optics is traditionally used in building astronomical telescopes for achiev-
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ing long focal length within short track length. The limited FoV and severe central

obscuration make it unpopular in the consumer camera market. As cameras with

compact form factor are in high demands, in 2007, Dr. Ford' group in UCSD pro-

posed to build ultrathin cameras using folding optics and named this innovation as

"origami optics"[27],[ 78]. In origami optics, the light path is folded by a sequence of

concentric annular mirrors and the whole system is fabricated on a monolithic sub-

strate. The thickness of the optics is reduced approximately N-fold compared with

traditional lenses of optical train structure, where N denotes the number of folds of

the light path.

The reduction in track length using folding optics comes with trade-o�s. As

mentioned previously, folding optics tends to have narrow FoV and small e�ective

aperture due to obscuration. For example, the Cassegrain lens is the simplest and

earliest folding optics dating back to 1672. It consists of two mirrors, a primary

and a secondary. The primary is a concave mirror which converges and re
ects the

incoming beams o� to the secondary. The secondary is usually a convex mirror which

turns the beams onto the image sensor plane. The positive primary and negative

secondary also makes a telephoto design adding to a more reduced telephoto ratio.

The non-optical surface of the secondary blocks the central part of the aperture,

therefore the e�ective aperture has an annular shape which causes MTF fall-o� in

the middle frequency region. Besides partially obscured aperture, the Cassegrain

lens also su�ers from limited FoV.

Assuming a Cassegrain lens with major parameters as indicated in Fig.5.1, the

radii of the curvature of the primary and the secondary areR1 and R2 and the

aperture diameters areD1 and D2, respectively. The separation between them is

donated byd. The top ray from the edge �eld angle� is re
ected o� the primary, in

order for the top ray to connect with the secondary, the diameter of the secondary

must comply with following constraint
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Figure 5.1 : Cross-section of a folding Cassegrain system.

D2 ¥ D1 � 2p
D1

R1
� � qd (5.1)

Since the diameter of the secondary cannot be greater than that of the primary,

the �eld angle �   D1{R1. The aperture of a mirror is usually far smaller than its

radius of the curvature. Consequently, the upper limit for the FoV is rather low.

This limit here only accounts for clearance of light path on the secondary, when

aberration is considered, as will be in any real designs, the upper limit will be even

lower.

Also noticing that D1{R1 � � should be positive, a simple rearrangement of the

terms in inequality5.1 relates this limitation to a constraint on the lens thicknessd

d ¥
D1 � D2

2pD 1
R1

� � q
(5.2)

Inequality5.2 explicitly shows the relation among the lens thicknessd, light ob-

scuration sizeD2 and �eld of view or �eld angle � . Speci�cally, to make thin lenses

or to compressd, we must either increase the obscurationD2 or decrease the �eld
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angle � , i.e. making narrow FoV. To be brief, the folding optics provides reduced

track length d � f {N by sacri�cing light throughput and FoV.

Catadioptric lenses can serve as a remedy to the above discussed di�culty with

the folding optics. First, the re
ective mirrors are used for reducing the assembly

length. Second, the refractive surfaces are employed to provide extra means for

aberrations correction and light ray manipulation. Catadioptric strategy has long

been used for designing compact lenses with extended FoV and aperture.[79],[ 80].

In literature[28], Dr. Marks et al. proposed a wide-�eld compact catadioptric design

for infrared imaging. To extend this idea to the visible band, we try to develop

miniaturized cameras by combining mirrors and refractive lenses for cameras modules

of long focal lengths.

Miniaturizing a Cassegrain telescope is not a trivial task by simply scaling down

the size on all dimensions. Since rarely the FoV of a re
ective telescope can exceed

10� , by downsizing the focal length to 10mm for example, the sensor size should

be reduced to about 1:75mm which is unavailable from the image sensor market.

Fortunately, small size image sensors for mobile platform has reached around 6mm

due to the scaling down of pixels. To achieve a miniaturized design with focal length

around 20mm, which is 4-5 times longer than that of camera modules on smartphone

devices, with a track length less than 10mm, i.e, a telephoto ratio smaller than 0:5,

then the FoV should be about 17� .

Here we demonstrate our contentions with a design example. This design work

starts with an image sensor OV12A10, a 12MP OmniVision product model. The

pixel size is 1:25�m , optical size is 1{2:82 and active array size is 4096� 3072. Our

design targets for a miniaturized catadioptric imaging system are listed as follows

1. Focal length: f � 20mm,

2. Field of view: FoV � 17� ,
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3. E�ective aperture size: F {# � 2 Outer diameter: 12mm, inner obscuration:

7mm,

4. Total track length: L   10mm,

5. Wavelengths: 486nm � 656nm visible band.

Fig.5.2 shows the layout and dimensions of our design result. The design consists

of two pieces, each piece is a cemented doublet consisting of two lens elements with

di�erent apertures. The di�erence in the aperture of the �rst piece serves as the

annular entrance. Due to the folding structure, the beams of light traverse nine lens

elements before reaching the image plane, which endows great capacity for aberration

correction. All the surfaces are even aspheric with four nonzero aspheric terms. All

the glass materials are form SHOTT catalog, the element in the front piece with full

aperture is made of LaSF18A(nd � 1:91; Vd � 32:4) glass, the sub-aperture element is

LaSF33(nd � 1:81; Vd � 34:2) glass. The full and sub-aperture elements in the second

piece is made of P-SK57Q1(nd � 1:59; Vd � 59:5) and SF58 (nd � 1:92; Vd � 21:5),

respectively. The total track length isL � 7mm resulting into a telephoto ratio of

0:35.

The MTF curves are shown in Fig.5.3, indicating near di�raction limited per-

formance achieved over all FoV angles. speci�cally, the MTFs is greater than 0.2

at 120lp{mm for all �eld angles, and the MTF of the center FoV is greater than

0.2 at 300lp{mm. The spot diagrams are shown in Fig.5.4 and distortion and �eld

curvature diagrams are shown in Fig.5.5. The maximum distortion shows at the

maximum FoV angle and is less than one percent.

5.3 Thin lens with metasurface

The advancement in matesurface and high index materials of wide band and low dis-

persion o�ers new opportunities for the thin lens research and development. Meta-
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Figure 5.2 : Layout of a catadioptric Cassegrain lens design.

surfaces enable thin lens �rst, by reducing the thickness of lens elements, and second,

perhaps more signi�cantly, by enabling "faster" lenses. As indicated in Eqn.5.2, by

increasing the quantity D1{R1 in the denominator, the allowable lens thickness can

be reduced while the upper boundary for the �eld angle can be raised. The quan-

tity D1{R1 of a spherical mirror is small, �rst of all, half of aperture cannot be

greater than the radius of the curvature. Secondly, largeD1{R1 also leads to severe

Figure 5.3 : MTF curves of the catadioptric design.
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Figure 5.4 : Spot diagrams of the catadioptric design.

Figure 5.5 : Field curvature and distortion of the catadioptric design.

111



aberration issue. By contrast, metasurfaces achieve optical power with micro/nano-

structure, therefore the designated optical power does not impose a constraint on

the aperture. More importantly, metasurface could engineer the wavefront precisely

as prescribed therefore aberrations can be suppressed e�ectively.

Currently, Metasurface is incapable of delivering desired wavefronts over a wide

range of �eld angle. In literature, on-axis aberration can be perfectly addressed by a

single metasurface, on the other hand, o�-axis aberrations need to be dealt with by

stacking multiple metasurfaces[81],[ 82]. However, stacking surfaces will inevitably

adding thickness to the optics.

Since metasurface alone is inadequate for solving all the problems, we propose

the implementation of high index materials. According to Snell's law, ray angle is

inversely proportional to the refractive index of the medium� 9 1
n . By �lling the

gap between the primary and the secondary with high index material, the incident

ray angle on the metasurface could be reduced by a factor of1
n . As demonstrated

in Fig.5.6(a), in the absence of high index material, at high �eld angle, the ray

bundle is prone to miss the secondary mirror and the focal point of the remaining ray

bundle interfere with the clear aperture of the primary mirror. In contrast, Fig.5.6(b)

illustrates high index material reduce the ray angle and prevent rays from missing the

secondary as well as eliminating ray interference on the primary. Decreased ray angle

not only reduces aberration, but also reduces the thicknessd, for the �eld angle � is

replaced with � {n in Eqn.5.2. One would worry about problems of increased weight

and expense associated with the use of high index materials. However, the method

proposed here is targeting at miniaturized lens systems and the problems of material

weight and cost are rendered insigni�cant.

Wider FoV could be captured with lens arrays. Lens arrays assign each lens unit

to covering a di�erent object region sharing overlaps with its neighbors, and stitch

all the sub-image for a panorama composition. Currently pointing lens units requires
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Figure 5.6 : E�ective aperture size and �eld of view of folded lenses.(a)Without high
index �lling in, high angle rays are di�cult to be con�ned for clear pass.(b)With high
index �lling in, ray paths are easy to be bounded and controlled.

physically tilting lens axis so that the axis is aiming at the targeted direction. For

a thin camera with larger lateral dimension than longitudinal dimension, tilting the

camera could cause increase in thickness and di�culty in system assembling. As

shown in the US. patent[77], aperture is sacri�ced for preserving the required array

thickness. Alternatively, a curved mount could be implemented as shown in many

other practices. Lens tilting complicates the mechanical design as well as assembly

procedure, sometimes also adds extra thickness to the array.

To avoid tilting a lens physically, one can place a glass wedge in front to change

the light path. However, glass wedges incur chromatic aberrations and also add

on signi�cant extra thickness. Di�racting elements also bring chromatic problems,

meanwhile decrease light e�ciency as light is being split into di�erent orders. Meta-

surface provides a solution for this problem while avoiding all the side e�ects.

In order to turn the direction of the income wave, a linear modulation on the

phase is required. A meta-surface with phase modulation function expressed as

ei 2�
� p�x � �y q would bend a skewed ray with direction vectorp�; �;

a
1 � � 2 � � 2q into

the direction in parallel with the optical axis with direction vector asp0; 0; 1q. Since
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the modulation is linear, it does not introduce any aberrations.

5.4 Design examples

As mentioned before, although high index materials help suppress lens aberration,

they add to the system weight and potentially the costs if used excessively. Folding

lenses of miniature size can take full advantage of this approach while bring least

negative e�ect.

5.4.1 High index materials in folded lenses

Here we illustrate our idea with concrete design examples. Fig.5.7(a) shows the

layout of our �rst design example. Here we �ll LASF35 (Nd=2.02,Vd=29.06), glass

with SCHOTT catalog, into the gap between the primary and the secondary of a

miniature Cassegrain system. The two-mirror system contains three aspheric optical

surfaces, the front entrance surface is refractive, the other two are the primary and

the secondary mirrors. The image plane is in contact with the back side of the

primary mirror for avoiding total internal re
ection. The focal length is f � 7mm,

outer aperture is 5mm and inner aperture is 1:6mm, and �eld of view is FoV � 3� .

The track length of the system isL � 3mm resulting in a telephoto ratio ofT � 0:63.

The modulation transfer function (MTF) curves are illustrated in Fig.5.7(b). The

system achieves di�raction limited performance. Because of high index material

�lling,the cut-o� frequency lies at about 1170cycles/mm.

The design example shows signi�cant improvement in the reduction of lens thick-

ness. Nonetheless, the two curved mirrors still impose serious limitation. Here we

assume that 
at metasurfaces are readily available in our toolbox. And we replace the

mirror surfaces in Fig.5.7 with 
at re
ective metasurfaces. As shown in Fig.5.8(a),

as the focal length and the aperture of the primary remain the same,f � 7mm

and 5mm respectively, the 0:8mm aperture of the secondary is reduced to be half of
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