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hstract: The modern miniature camera lens is the most
olific design manufactured today, yet its design form
nd origins are often not well understood. This paper illu-
nates the ancestry of the modern miniature camera lens
developing the lens form from ‘scratch.” Starting with
e Wollaston meniscus of 1812, the lens is designed pro-

correcting limiting aberrations at each step. The result
emonstrates an ancestry that is distinctly different than
at of the common large-format objective lenses.
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, yntroduction

he his'tory of the camera objective, as chronicled by King-
slake in 1989, is a fascinating look at the evolution of lens
esign inresponse fo burgeoning optical materials, advances
manufacturing processes, and changes in design speci-
rations [1]. Since the completion of that work, the rise
digital imaging and postprocessing capabilities have
d:anged the modetn camera and led to an expansion of lens
psign to system-level design, often identified as ‘computa-
onal ‘imaging.” These advances have resulted in unusual
pew designs, but the large-format digital cameras that are
popular use still have objective lenses that draw on an
unmistakable ancestry illuminated by Kingslake’s work.
The camera objective in the compact camera module
s not draw on the same ancestry as the common large-
nat lens employed in digital imaging. Compared to a
Ige- -format lens, the miniature camera objective meets
id overcomes a different set of challenges, as described
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essively, employing incremental design decisions aimed

he modern miniature cameraobiective: an
volutionary design path from the landscape lens

by a recent paper by Steinich and Blahnik [2]. Owing to the ~
demand for compact track length, exploitation of optical
grade polymets, and advances in injection molding, the
result is a lens form that appears very different from the
largé-format lens. Figure 1 demonstrates a recent sample
from the patent literature that is indicative of the form [3].
~ Contrasted to a typical large-format camera objective,
like any of the double Gauss derivatives, there appears
to be an evolutionary jump in the history of lens design
leading to the unusual-looking modern miniature camera
objective. However, this is not strictly the case; the double
Gauss does not provide the correct standard for compari-
son, Many modern patents from QOlympus and Konica
Minolta describe a four-element miniature camera objec-
tive as an inverted Ernostar [4, 5. When viewed from that
perspective, the miniature camera objective does not
appear as unusual with its very forward aperture stop
positioning, asymmetric design, and power placement.
This tutonal seeks to build the family tree of the
modern miniature camera objective by designing the lens
from ‘scratch,’ following closely the development of forms
identified in Kingslake’s original work. We will identify
its ancestry along the way and demonstrate that the lens
design form of the most widely used camera objective
in history can be found through a logical progression of
design choices starting from the first camera objective.

2 Design specifications and
considerations

The compact camera module specifications that have been
the driving force for change are a reduced track length and
low cost, a motivation. clearly captured. in early designs
that were still rather traditional in form [6]. As with Kodak’s
attempts to minimize the cost in the 1950s with the Dakon

line of lenses, the volume production of plastic elements

became. an attractive solution for cost. Following this
material choice, the highly aspheric, thin element shapes
enabled by injection molded plastic elements provided an
additional leverage to reduce the track length.,
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: ﬁguxe 1 Modern f/2.8 fiﬁfeiplasti't: etement miniature camera
“-objective with 80° full field of view and 3.63 mm effective focal

length from 2012 U.S. Patent 8,189,273. The telephoto ratio is 1.35.

‘While cost and track 1ength forced the ‘change, a

~ demand for a higher performance, faster lenses supporting
larger-format imagers have accelerated the evolution of the

miniature camera objective. In 2007, the. first-generation

8 :fiPhone was released with an /2.8 camera objective paired

witha 2MP array. Nowin 2012, the f/2.4 camera objectiveisa

 five-element lens paired with an 8-MP array, and the camera

‘module is claimed to be 25% shotter than it was a year ago.

- For this tutorial, the lens will be designed to specifications
that are:similar to the current iPhone lens with precision.

injection molding as the manufacturing method. These

- specifications and design constraints are provided in Table 1.

‘As the following lens design will begin with poorly
performing origins, the design performance will first be
described in terms of RMS spot diameter, and the lenses
will be designed to operate at an f/# with a target maximum

of 14 pm RMS spot diametgr over the field, as this tendsgto )
- produce f-numbers similar to the original use. Only in the
. “final stage will the pe:formance bereported using the more

relevant MTF performance metric.

" 3 Progressive design of modern |

‘camera objective

3.1 Starting point: landscape lens of 1812

The first phothréphié objective that achieved a larger

" FOV 4t 60° full field was provided by Wollaston in 1812,
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flE - : 2.4

Sensorarray:. . 3264x2448. .

Pixelpitch S 1.4um :
Sensor format Bayer pattern, backside illumination

‘|Distortion] - <2%

“Total Track Length (TTL) -~ <&.5mm

“influences the selection. For this single element lens with

tial field is demonstrated in Figure 2. The spot diagram in

~stopped down to f/14 to maintain a 14-um RMS spot diam-
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Table 1 Miniature camera objective specifications.

Parameter Value

Effective Focal Length (EFL) 4.1 mm

Maximum chief ray angle * 30°, nonlinear
Relative illumination >50%
Element center and thickness. >0.30 mm

>1 mm (accommodates IR-cut filter -
: and cover glrass)v
Element surface slopes <45° o

Back Focal Length’(BFL)

nearly 25 years before photography was invented [7). It
took the form of a meniscus element separated from the
aperture stop and operated at f/15. : L

We begin with this starting point by scaling the system
to the 4.1-mm Effective Focal Length (EFL). We also shift
immediately to plastic in place of glass, as we will be tar-
geting a plastic-only solution. As one of the limiting aber-

the stop fixed in the ‘natural,’ coma-free location, the lateral
color can only be reduced by increasing the Abbe number.
Thus, PMMA is selected as it represents a plastic crown. -

- Animplementation of this solution with a flat tangen-

Figure 2 shows that the flat tangential field balances two
of the limiting aberrations of this lens - the sagittal spread §
of the spot due to the sagittal field curvature against the
tangential spread of the spot due to the lateral color. (

~ Along with the sagittal field curvature and lateral
chromatic aberration, there are other limiting aberra-
tions in this lens. The third is the 5% barrel distortion
The fourth is unseen here because the system has been

eter. As the aperture is increased, the ‘spherical,aberr‘atibn‘
will quickly overwhelm the other aberrations. In total, this
is a difficult starting point for the goals in Table 1. )

3.2 Recyl’l.x'ciyljg‘E ttack length With,reverse

meniscus

There are several directions one could take from the land
scape lens starting point, and we choose to work on the track -
length first. This is useful at this early stage to gain an under-
standing of the limits of space as the design progresses, :
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e 2 Wollaston meniscus lens with-a flat tangential field. The spot divagram atthe ‘right demonstrates the trade between lateral color

d sagittal field curvature, Scale is provided by the square surrounding the on-axis ray bundle; which is 10 pm on each side.
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length will be reduced easily by changing to the alter- 3,3 Reducmg odd aberratlons th rou gh

n te forfn of the lands.cap'e lens with the stop behind the - symmetry -
i s. This lens, shown in Figure 3, has a Total Track Length . : - RN .
- IL) of 3.84 mm compared to the 5.15 mm before. - At this point, one:could choose to-achromatize the lens, .
. -~The reversed landscape lens is a compromise of perfor-  but with the available plastics, a new achromat is. not
s ance for form, as was uriderstood by those at Kodak who ~ possible, and the old achromat will shorten the already
h keted. the solution in 1934. Compared to the specifica- - troublesome Petzval radius. In fac_t, such a design will._‘
1 ns in Table 1, the track length requirement is now met, decrease the Petzval radius from-2.1 to.-1.4 times the focal
; the performance is degraded. The lens must be stopped - length. Instead, we choose to follow the path that G. S~

wn to /22 to maintain an RMS spot diameter of 14 um.  Cundell took in 1844 and apply symmetry to the design.
- e lens also suffers from a pincushion distortion of 8.5%.  The symmetry about the stop will correct the odd aberra-
2 ' : y tions, of which lateral color and distortion are two of the.
o “limiting aberrations of the current lens ThlS -design is
1 shown in Figure 4. :

/
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ure.3 Reversed meniscus lens with a flat tangential field operat-  Figure 4 Symmetric meniscus lenses positioned about the stop
at f/22'with a reduced track length at 3.84 mm. - reduce the odd aberrations. The lens is f/12. :
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This stepin the design process has virtually eliminated
two of the limiting aberrations, with lateral chromatic

aberration nearly zero and distortion at -0.4%. The system

- is now operating at f/12 to maintain an extreme field RMS
“spot diameter less than 14 um. However, increasing the

numerical aperture further would extend the track length ,

-which is already increasing beyond 4.7 mm.
In addition to spherical aberration, the field curvature

is now one of the limiting aberrations in this system. The -

Petzval radius has decreased to -1.6f, which is better than
the achromatic solution, but wotse than the reversed land-
scape lens. Inan attempt to correct this problem, further

optimization will tend to form the second lens into a high,

positive shape factor with a large dxsplacement from the
stop, significantly increasing the ray angles at this lens.
Another way to reduce the Petzval sum is to increase the

index of the second lens by changing it to PEL but this-
greatly degrades the distortion for little:field curvature -

improvement. As the performance of this lens is decent,
we are going to leave the correction of the field curvature
for a while and address the issue of i mcreasmg the numeri-
cal aperture of thlS solution.

3.4 Increasing the numerical aperture
- - with an achromatic doublet '

As one ’COIlSidEITS Figure -4 with plastic Vle'n’ses in mind,
there is little hesitation to apply a fourth order asphere to

. the second surface of the first element to correct spheri--

cal abefrétioh as the speéd of the lens increases. As we
_are looking to dévelop the lens through a more traditional
path, and our last step was in 1844, we will, instead, apply

" anachromatic doublet at this pointto help both the spher- .

ical aberration and axial color.

“radius of -1.5f.

“material set, the Cooke triplet form can be further pushe
“to a speed of /4.5’ with a maximum RMS spot diameter o

© 2013 THOSS Media & DE GRUYTE

Although a cemented doublet is not generally use
in high voluméplastic lenses, we will begin with such an
element knowing we will break the cemented interfac
later. We replace the first element of the symmetric menis
cus design with an achromat, retaining PMMA as the posi
tive element and adding to it a negative SAN element, Alter
native achromats exist, but this provides a good balanc
of spherical aberration and distortion, while the design
is driven to /6. The result, shown in Figure 5 with its r
aberration curve, is similar to the Aldislens of 1901 [8].

At this point, the /6 lens has a maximum RMS spo
diameter of 14 um. The lens is 2& 5 mm long, and the dis
tortion is -3%. Thefield is strongly curved with a Petzv

3.5 Increasing the numerical aperture and

_improving performance with a triplet -
In order to improve the spherical aberration correction an
gain some greater control over the design variables, th
cemented doublet was broken, and the lens takes.on th
form of Dennis Taylor’s Cooke triplet from 1893. This design
is shown in Figure 6 along with its ray fan. When compare
to the ray fan of the Aldis lens, it is clear that there is a sig
nificant similarity in performance, with the broken cemen:
interface enabling better spherical and color correction
Not indicated by the ray fan is the greatly improved distor
tion, which is now only 0.4% at its maximum.

At this point, we optimize the materials, driving th
inner flint to the high index, high dispersion PEL With thi

14 pm and a 4.5-mm track length. In domg so, the distor
tion i increases a little to 1 4%

Tangential
Field angle -
30°

' Sagittal

T

21°

. ABum

: ,ngure 5 Lens form similar to that of Aldis from 1901. The achromatic doublet enables the lens to 6péréte aiif/é. Ray fan at the rightis
" -shown with blue, green, and red colors for wavelengths corresponding to the F, d, and C Fraunhofer lines, respectively, :
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~ ~Tangential -
Field angle
300 . )

Sagittal -

ding to the F,‘d, and € Fraunhoefer lines, respectively.
Flattening the field =

e paths forward from this position are numerous. One
fion is to move to a split triplet, though the typical split

#he front element s not attractive because of the length

ithe back of the lens. This improves the Petzval radius
m -1.8f to -2.8f and is also a nicely balanced solution,

x to a similar end form, but the transitions are not as
Wyful, o . N ) PR

pose to focus on the Petzval radius by adding a negative
i flattener and moving the stop forward. In doing so,
pare priming the lens to be in a better position to achieve
chief ray angle constraint, and the Petzval radius can
greatly improved to -4.6f. The resulting design shown
ure 7 is very similar to the objective patented by Imai
1981, as well as the lens used for the Kodak Disc camera
1982 [9)]. B S

_The lens is now operating at f/3.4 with a maximum

fal track length is 4.5 mm.

Adding. a‘s'piheric surfaces to increase |
 the numerical aperture o

ation if the f/# is to be driven toward f/2.4. To mitigate this
poblem, we add a single fourth-order asphere to the back

t element. The resulting lens is easily pushed to /2.4,

gh the field performance drops off at the edge. An
spheric last element (also in line with the original lens
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sbling the lens to be pushed to f/3.2 before reaching
RMS spot diameter of 13 um. Taking this path would

Instead,i}wve:will‘ give up a little performance and -

S spot diameter of 13 ym. The distortion is 2%, and the

Lthis pdinf; the limiting aberration is still spherical aber-

f the first element, just as Kodak did with their plastic

we 6 : Cooké;triplet from 1893, operating at f/4.5. The rai; fai} atthe right is shown with blue, green, ’and red colors for wavelengths cor-

form) enables us to improve that condition and at last
meet the chief ray angle requirements of Table 1, as well as
most of the other requirements. The lens could be pushed
to a shorter length on par with its focal length, but we will

i ' keep the 4.5-mm track length in order to retain room for an
friction. We could also choose to add a thick meniscus

additional lens. This lens is shown in Figure 8. -

‘The lenses in Figures 7 and 8 are difficult to clas-
sify. Warren Smith calls this form ‘unusual’ and regards
it as a member of the wide-angle family with one nega-
tive outer element, a telephoto, or a triplet with a field
corrector [10]. Both Kingslake and Imai refer to this form

‘as a wide-angle telephoto. At its core, the lens is similar
“to.an inversion of Minor’s 1916 invention known first as

the Ultrastigmat, a general form more famously known.
as an Ernostar [11]. There are some examples found in
the patent literature between 1940 and 1960 that are, to
some degree, similar to the solution shown in Figure 9.

Figure7 F/3.4triplet with a field flattener and forward located stop
improves the Petzval radius. ' -

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




