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Abstract

Mobi |l e phonac olmprascds shawet ure with many aspher
to six elaemeat st whebsl ¢emgnh 10 millimeter. The
mobile phone | enses T&f-mmpmrerxs mat Ebg sdbhada rme

i's | e¥¥os fohamhe entire field of Vi ew.

Lens designers can emwyedt itlhiemsiengni ;p taitawale deqnisg
software can simulate the ideal sttheture to

manuf act us i m@u Ilpd oafefsect t he system perfor mance

Il n this thesis, nige tmurolldeghamhws idnndfad gysse st wi | |

met hods: RMS wavefront error analysis in ZEMA
Producti drysyiselich £maleV. These nine | enses hayv
ar @i >epe,ecldepi@ace bens assemblies. AlIl the | en:

fnumber. The criteriomtiessthtd aRMIDhwa avatvrembl iOar

error is considered in these analyses. Each m

presented and discussed in detail
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. Il ntroducti on

1.1.Goal s of the thesis

I n 2000, The first mobile phon®HOWWA t(hFiag WOr.el 11 .m

manufactured by SHARP and released in Japan.
by sever al companies, such as MRamiwé, | 8Bammarmsg,
l ens patents are published by I ens manufactur

El ectronic Optical ,KSonatpg @Qp,€tomnakt Eeahnol ogy,

Figrle.2SHOM4t t ps:/ /en. wi-kH(pdedi a. or g/ wi ki

|l maging |l ens assemblies in mobile phones, al s

and different numbers of el emeont st.h oRseel e aesnesde sp,

i ncl udi-chigmd renisorRaordeyopt opkertses, the radius


https://en.wikipedia.org/wiki/J-SH04
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materials, aspherical coef f iWhii dtret,iss, tdriuset otrhtaito

engineers can siinmuwlpatiec atl h bdseRyzitlgerm ssedSft tuwda roe ( Z E M/

CodeV, OSLO, Synopsis, et acengr arrNeventfhelhne

running the analysis. The properties-often mi

optimigenlgenses become a necessary step for f

The application of the aspherical surface giyv
designing the |l ens system in optical design s
adheve similar performance. However, optical n
tolerances. When it comes fao |teadl @roanmmae nd rad Iny ¢
This study wilFiasdhin awiend wo gompganmrias o meh datowese 1
tolerance analysis. The study wil!/ indicate t

anal ysis andSgcphdepredngtionseensitive structu

study will summarize tbeancespfabl eaphektéensoan
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12.Mi ni ature | enses

The application of miniature | enses chall enge
compact -weizgeht |-dasmtd dequi rements have many i mg
fabri caasisoenmblainndg. [ 2] Microscope objectives,
|l enses, Virtual Real ity headsets, and Augment
l enses.

Fiugk.RPeB3. 6um pixel VGA camera mo2jul e is 6.

Tke number of |l ens el ements includes 3 to 8 pi
modeling. [1] General |l ens specifications are
(TTEHDumder (F/ #), di st or td ornel acthiiveef irlalyu nmainngaltei
When it comes to optical production, the diff
i mportant iissue. The extremely small scale of

proportionateilygi amnghft .t dher pmees varies with
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decenters can be set bel ow 5 microns of i ndi v

tolerancing wil/l be discussed in section 1. 8.



1.3.

Eq.

t h

Ty

de

t h

16

Aspheric surfaces i n miniature | enses

ethe finite total track |l ength and I imited

rfaces are applied to correct aberrations.

mai ns an axial symmetric. JFotrhenascwwper@aagi tcia

nicoid and a polynomial surface provides su
1.1 shows the sag equation to six orders

ni ¢ coinss ttahnebdsxeaAc amarsp her is¢ sc 6 dofrideive tmis,p hAer i c

ef fiecbenhter Bdarxtehsphemaindwc deifsf itche nrtabdrioa di s

e optical axis

Yo Q 0 0 w 0w w (Eq.)1.1
picallyordbde aepbaedi ¢ coef f i-ccridenrt prso meortt iueSs
pendent on this term. [1] The number of asp

e Il ens designer to tmeleitzitshge dieweslafetpmheeqgqai c e m
e considered bad practice f ormosltdaendd aprlda sntaincus
oduce highly aspheric surfaces is achievabl

ed becaudgeaectidmm ¢d dsdl uti ons are possi bl e wi
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14 Mi ni ature | ensses in cellphone

The design of miniature | enses in the mobile

Coupled Device (CCD) or Complementary Met al O

of the active area of the sensor nisefoifn el se ntsh e

design, it defines the reato imaggrleieghtheofl etn

the mobile phone, the total track | ength of t

El ectronic sensors have dsgdcetrrealt mwasmpdreangd htsa

consider the working bandwidth with appropria

consideration of the spectral bandwi dth to be
|l Rilter sl astutathgprmehte iphone | ens system to r
(I'R), which is a plane parall el pl ate made by

t hat must be corrected by aspheri onsumfeadeeourt

order of the | ens aperture, it should be corr

where the marginal ray hdeiiagnmett earp porfo xti hmea t peu peiqglu.

Typi palxley, si zes for CMOS lame ntsoo s uvmaa ge i nen her

resalnve mage at a spati alhef seqgqmeeanawampbat lal pi xe

frequenc@phi Nell tsiizse)al so knownT haes nNayxgiumusm f r e q
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frequency that apdretnusr ewiccahn &iF fc# ec iuissaalN so know

cuotff frEBlgeeinmyge quality for a |l ens can then

frequency fofld@di fferent fields.
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15.Image evaluati on

Typicalspegcilferati-onder ncéquier émests and i mage
Sever al criteria are utilized by | ens designe
the modul ation transfer funchvanhé&dMiy)toAmpdel
i maging by a |l ens system provides a mat hemat.

[ 1]

Eq.2showgsotnlve | ut i ormnaf otphe cabj esegytst em point spt

wh ea (exi,sy )t heh (xihbgyeche optiic(adl,sysitylse eimma&Gd,

who € w2 Qafw.(Eq.2) 1.

Eq.3ahd EghoWFdhrei er transforinhefi stdipadiinmlge, w
freqgeserecyt rum pO M heshebjopptifcancttiramsf@FFyabf t
syst@m i she spatial frequencagn(ds)d esc ttrhiem pcfa steh e
0 YOh- i s mohdeul ati on t whinisd ea meianscurieomgnt of its
contrast at a particular resolution from the

incorporate resolution and5fkontrast into a si

Oh U, O,h-.(Eq.3 1.
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O,F O0°YOh QwfQeh .(Eq.4 1.

| f ctome rast i n tthtaen itrhag e mad |demstdss gaantoaum td ett heactt ,t t
pattern can noEdqosbetivisdbeexers®d yiean of the cont

wheMAXanMl Mre the image.ill umination | evels

0 "Y'Oh- .(Eq.5 1.

Fi gurshows one spatanmlobjrecgtu aélinayn atnhie smalgjez g ¢ d

by an soypsttiecrel t he contrast can be reduced.

by

Figrlk. Spatial fr evuUeredit )p aato(de irmpdsdty c ed.[ d dntr ast
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1.0

45

ModuTlus of the OTF
(=)

T O —

0 70.9 141.8 212.7 283.6 354.5 425.5 496.4 567.3 638.2 709.1
Spatial Frequency in cycles per mm

A —oiff. Linit-Tangential (A== 0iff. Limit-sagittal [ —0.00 (deg)-Tangential [A---0.00 (deg)-sagittal [ ~—3.30 (deg)-Tangentia1 [A---3.30 (deg)-sagiteal
BA— .60 (de)-Tangential [---6.60 (deg)-sagiteal 9.90 (deg)-Tangential [~ --9.90 (deg)-sagittal | ——13.20 (deg)-Tangential [~ -~ 13.20 (deg)-sagitral
16.50 (deg)-Tangential 16.50 (deg)-Sagittal |~ 19.80 (deg)-Tangential [~~~ 19.80 (deg)-sagittal [~ 23.10 (deg)-Tangential [ - 23.10 (deg)-sagittal
A — 26.20 (deg)-Tangential A==+ 26.40 (deg)-sagittal [F=——29.70 (deg)-Tangential [A---29.70 (deg)-sagittal | —33.00 (deg)-Tangential [A---33.00 (deg)-sagitral

Polychromatic Diffraction MTF

Zemax
2020/10/27 Zemax OpticStudio 18.4.1
Data for 0.4861 to 0.6563 pm.
Surface: Image

U5201301§3098A;(TOR-03).ZMX
Legend items refer to Field positions Configuration 1 of 1

FigredFFT MUK v e.

| Fi gurde . ZEMAMput es the diffraction modwlatail dn
field positions .uslinng ha nso fcFaTsfeg & gtoheen ccyumii s 7 09 .

Since optical aberrations degrade the MTF, t h:
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16.Aberration considerati on

I n the real world, the manufacturing process
l ens tilts. I f these drhreggrdaucar ¢ heetl emrsl y yisn ear
pl ane symmetry. The fi el d eodf, vasew hneereed si st on db el

symmetry.

|l n a-sgylmared ri ¢ optical system, one half of the
The plane of symmetry applies optical axis ra
view andof hehe[eoppu ediilssc.uss t he wavef-gymme tarbiea r a
system, t hod sumdietf iwmeeadt cars t he direction of the
aberration function is a scalar, i1td, mushte depe
aperturipg waedt ohe sygmméeteryefweetont he aberration

symmetric system can be written as:

G G B rpp® ‘@30 B»Jp '©Jp IO plp ,(Eq.6) 1.

0%«
=53¢

h

wh e e rhis thoefficient of taerfpmarti cul ar abe

0«
0«

Tabl e 1t He sphroiwmary aberratiomg gafni & el a me g ymr

accordi ng styomnaebterryr.at i on

Tabl Abgrtation termsiocf sgspeane symme



Aber rTatr msn

Vector Form

Fr

st group

P st on

)

Second group

Field displac W 18
Li near piston W pJ0®
Def ocus W p Jp
Magni fication ® ‘©0p
Quadratic pis W "®00

Third group

Uni form astig

W 10

Anamor phic di

® pJO I

Quadratic pis W 1510[C)
Uni form coma W pp P
Linear astigm @ plp ‘OIp

Field tilt

w pJ0O P

Quadrdatsitcor t i ¢

@  pdp ‘@0

Quadratic di s

0 pJ® 'O

Cubic piston

W pJ0@ "©®J06

Spherical abe W p O
Li near coma @ ‘©p plp
Quadratic ast ® ‘©0p

Field curvatu

W ‘000 plp

Cubic distort

W ‘00 O

23
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Quadratic pis W "®00

Evaluating the aberration coefficients provid
pert Whlkeend.it comesunt bosmr Aatctegmatsigaummrce pdnd sh eo
surface tilt angl e, biet eixyercdtedar oalber rsdtgina rf itc
systUenm.f orm coma and it heemai asabgmaati soonareo b
i mage .qulablaistecwefptitsha oenbemsaat resul t efraornmesf abri ca
useThleens designer must buen dveeresnt ld eedapgiat ea scsaorcr e | ¢
aberrat, owlgit e er ¥ he luenndse rdsetsai ngdnienrg aonf what i s

opt 6§ g at e m-bauss lyasnt] ears.
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l17.Lens tiomgranc

Di fferent optics shops etutaraspéentsi di bepsed,i

surface radius, or wedge between thdetiegsessTr

must figure out which alnan prtedli ertarndes ptrloedy cad a

manufacturers provide guidelines for the diff

Typically, the tighter theyteoeldrahowsyethet be:

hi gher. How th@hsotdeepeadcencahd lmanufacturin

Torovide a fabrication yield for manufacturin

l ens are requiredediofri amaathii®enwd n(gs y shteb thietnésq lsipn s«

It is necessary that tdeeifadten dhieheashisgithiemensi o

devi atrkemomwn as fabrication ambmdi latssleenbd ymu ot eme

speciohiscanid satisfies the needs of the applic

process are to provide tolerances to each of

it is able to find out tbei&eha8t]i stical fabric
Theoretically, a sensitivity analysis utilize:
fabrication errors. These parameters ar e, | en

curvature (surface camdaAhbe)nummare.x Todl ered rcae

used to apply sever al constructional par amet e
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amount of the tolerancing criterion has chang

par amedadredr, miinte whi ch parameters produce | ar ge

For simplicity, a first estp(a)oef faort otlheer apnrco bn

critgriiosn,a normal distribution defined by:

Y ——0Qer—% (Eq.7) 1.
wheé¥i s the meanhe variance. The estimated mes
60 Y B &YO(EqQ.8 1.
wheSies the nominal vwYus fbhe mbaenét&fofdrmhtelo@r i t e
error i n tohuet poafr aajyersuemebteerr so.f For small error a
woul d approach thedOhormi Mhe parfanmancan be es
" B ,.,(Eq.9 1.
wheyeis the variance o5 dhe t€batppe aonfertcerri it er i ko
The variance foll ows the Root Sum Square (RSS
, e B YY.(Eq.1p1.
According to RSS rule, neme ostsatihati paloduazseed h
change¥V.| §]
Td oosttoltdirances and reduce mansfuxzdht Bea@P rao st

an i nsaegnesprcanl be used t oafitmprr otvhee al d nesn se Iseymsd reti
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mad®i nce the only @eompéamdhne aftetyyed idoeesddi \§ oc al

di st,ande bentaonmefsa ctthuer er 6s responsibility to ti @

control to[iBmprove yield.



28

I. St ruct Prepamdies of the miniatur

21.Sel ecting the | enses for this study

The Isetnusdeised i n ctohlilse ctthéeds i fsa oweerrtel h i d red et ure@ s e
proper htemlseersa fosd yadnaallly shibse @lpems e d f or accept
gual ity anfdr oRIME eelwdrvogrh o n & hlrparefomepn r wictdhi -paer d e

| ens asweeanbd didendl erianmthesi s. oEatbnsypebedbésy
thdieemses, whichimeasest hdrae¢ aaampaelTwmaeal yzed f
l enses are arrabgetdtheéenhomb.barteveiwdremae wtes f oc al

| engihkdst ot al viar & cskerhireeheg tdhisf f er ent groups.
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22.0ptimi zing the | enses

The Opti EMBXudsoappg!|lied for optimizing the pa
start point for each | ens. However, the perfo
instance, the di sB%wrthooughouhd éertiessfitbohad
guarters of Nyquist frequeaxiys satofluhed® tbfei g ck.at
general specificati onZEfMArX st haew pntiinei dhet ruirte H uemcst i
opti mi RM@wa vtelf er oanntd edrirsotror t i on of the | ens sys-
fi-ostdler properties of the optical system, the

coefficients. Thus, the effectiverefociaxled.engt
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23.Di fficulties i n simulating patent | enses

Most of the patents provide accurate values f

software. The optimization process can be sim
perfect. However, some patents mayrgliewe 1 ncor
proper RM8wsavaerdd ont error can be checked in the

EFL and TTL maintain the same rvaHhH®tmed|adandrev epsa

d stortion curve are worse than the plot given

coefficients play big roles in this circumsta

hand.
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. Tol erAmmad ¢gfsimoloi | e phone | ens

31.Manuf acgrwerciissgliner ances

In t hi smelialpé erenses are categdhirzed | leyetlse oriu
tol erances aarad yahprqeigae &r per f o RM&n eva v elfmaognet er r
simul,atpmanduct.Aesumi abdeach ehememlty amangpfadte
ercomes fromThesembiyi og¢g hbgaecnks aftoocrali sdi st ance of
Thleevédlolefrsmmmar i zed. in Tabl e 3.

Tabl 2T h3e. | evel of t ol erance

Lens paran Low precMedium P| Hi gh Pre

Thi cknes g mh 0. 006 0. 003 0. 001
El ement dec 0. 006 0. 003 0. 001
El ement til 0.0017 0. 0009 0. 0003

Compensat of 005 005 005
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Zemax OpticStudio 18.4.1

Configuration 1 of 1
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RMS Wavefront Error in Waves
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+Y Field in Degrees
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@—Poly B—0.4861@—0.5876 B—0.6563
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RMS Wavefront Error in Waves

14.0 17.5 21.0
+Y Field in Degrees

10.5 24.5

@—Poly ®B—0.48618—0.5876B—0.6563

RMS Wavefront Error vs Field

RMS Wavefront Error vs Field

2020/9/10
Legend items refer to Wavelengths
Reference: Chief ray

US20150049395A1(TOR-01) . ZMX

Zemax
Zemax OpticStudio 18.4.1

Configuration 1 of 1

2020/9/10
Legend items refer to Wavelengths
Reference: Chief ray

Zemax
Zemax OpticStudio 18.4.1

US201
Configuration 1 of

I(TOR--High-01) .ZMX
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RMS Wavefront Error in Waves
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RMS Wavefront Error in Waves

21.0
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RMS Wavefront Error vs Field

RMS Wavefront Error vs Field

2020/9/10
Legend items refer to Wavelengths
Reference: Chief ray

Zemax
Zemax OpticStudio 18.4.1

2020/9/10
Le?eud jtems refer to Wavelengths
Reference: Chief ray

Zemax
Zemax OpticStudio 18.4.1

US20150049395A1 (TOR--Low-01) . ZMX

OR--Medum-01) . ZnX
Configuration 1 of 1
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Configuration 1 of 1
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Il n t hi sUSa2n0all 2y0s3i2s7,520A1 provides the best nomin

applies | ow precision tolerances, tshcealRMS wayv

Al so, US20120327520A1 provides the smallest d

prce si on tolerances. 1t is the only | ens, whic

within 0.5 waves. Although US20140293455A1 gi

high precision tolerances, the pemefdorumance de

tol erances.

I n concl usi on, US20120327520A1 is the only |e

with the acceptable optical performance. usS22o0
when applying all | evelhsatoft hteolserraunccteusr,e whsi ctho
production. | f the | ens manufacturer can prod
of US20120327520A1 and US20140293455A1 will b

Tabl2euBmari zes thanaesetphatol eanoberapplied to
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Tabl 2Th3e. acceptable tolerances that can
Lens assembl Levels of toleran
No. of elPatent NdgLow prec/{Medium p|Hi Pheci s
UsS2012000 \Y \Y
3pi ecelUS2013018§ \% \%
Us2013020 \Y \Y
US2010027 \Y \Y
4pi ecelUS201003272 \%
UsS2012017 \% \%
US2012032 \% \%
5pi ecelUS2014029 \%
Uus2015004
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33.Imagsei mul ati on i n ZEMAX

ZBMAX provides an interesting function as i mag
formation of 1 mages by convolving a source bi
Functions. The effects comsi,dereéddativel udeé udni in
orientation, and polarization.

The accuracy of the simulation is |imited by
the optical system is sufficient, t haer ednits.cr et
In this section, assuming the |l ight is wunpol ar
pur pose of ttehv sseétuastaley $iestisson different | evel
eval uaftfeeocttbsk e rZaenMre)s ,Messcrappl i ed for coonftrollin

the air gap, el emenlthRtainldto ma mMendderegriemeasr d e ment e
val uasspeicni f Randamg${lboatiingnbfearn mity i buted bet we
the exphessivahuati on wil bet otelBeh moh at ee ¢ onmger
the source (original i mage).

The sour cteakhen may Googl e SBhye Ex&oreaMX8é&®Renla, -
em) with Tandt 8hl eme . opti cladh $ree sodwrtde ni 0 fpreagd
resized with each analysis.

ZEMAX |1 mage Simul ation defines ptihxeetltzgetienct or f
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directiotnhyddpreet sonnThAerdmpkkebmsizequency t ha
circul ar aperot U=, C awnlt éi kheaige tilse-n u mhlgies stplae e F
reference wavel engAtnh i ofa gteh es elnesmogy asasne smmlmp |l e a
frequency of 1/ (pi xel Ssi ze)

Figud8 s3.t he sduwmrcd maigtema&p mul ati on

Fi gurl&Sodir ce bitmap for I mage Si mul at
Fi gulr4eo 3f ilggulreew 3si mu laantde dRMSnaweevsef-pBate elrenms ss

with different |l evel s of tol erances.
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2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Inage size is 1.0388 W x 1.0388 H (Millimeters)

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) .ZMX
Configuration 1 of 1

Legend items refer to Wavelengths

Reference: Chief ray

0.50

n  0.40
o
>
=
=
=
£ 0.30
(=]
2
o
fiv
b
S
E 0.20
o
4
3
=
n
=
Z  0.10

0

0 3.3 6.6 9.9 13.2 16.5 19.8 23.1 26.4 29.7 33.0

+Y Field in Degrees
!E—Po]y H—o0.4861 EﬁoAsusE—o.sssiI
Image Simulation: Geometric Aberrations RMS Wavefront Error vs Field
Zemax
Zemax 2020/9/13 Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

(b)

Field = 13.72, RMS = 0.2556

RMS Wavefront Error in Waves

0.10 _/

6.6 9.9 13.2 16.5 19.8 23.1 26.4 29.7 33.0
+Y Field in Degrees

[B—Pow BF—0.4861 B — 0.5876 A— 0.6563 ]

Image Simulation: Geometric Aberrations

RMS Wavefront Error vs Field

2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Image size is 1.0406 W x 1.0406 H (Millimeters)

Zemax

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

2020/9/13

Legend items refer to Wavelengths
Reference: Chief ray

Zemax
Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1
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RMS Wavefront Error in Waves

0 3.3 6.6 9.9
+Y

13.2 16.5 19.8 23.1 26.4 29.7 33.0
Field in Degrees

!E—Po]y H—o0.48

61 [ — 0.5876 A —0.6563 |

Image Simulation: Geometric Aberrations

RMS Wavefront Error vs Field

2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Inage size is 1.0347 W x 1.0347 H (Millimeters)

Zemax
Zemax OpticStudio 18.4.1

US20120002303A1(15-02) .ZMX
Configuration 1 of 1

2020/9/13
Legend items refer to Wavelengths
Reference: Chief ray

Zemax
Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

(d)

RMS Wavefront Error in Waves
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13.2 16.5 19.8 23.1 26.4 29.7 33.0

+Y Field in Degrees
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Image Simulation: Geometric Aberrations

RMS Wavefrol

nt Error vs Field

2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Image size is 1.0392 W x 1.0392 H (Millimeters)

Zemax

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

2020/9/13
Legend items refer to Wavelengths
Reference: Chief ray

Zemax
Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1
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RMS Wavefront Error in Waves

0 3.3 6.6 9.9 13.2 16.5 19.8 23.1
+Y Field in Degrees

!E—Po]y H—0.4861 A — 0.5876 B —0.6563 I

26.4 29.7 33.0

Image Simulation: Geometric Aberrations

RMS Wavefront Error vs Field

2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Inage size is 1.0394 W x 1.0394 H (Millimeters)

Zemax
Zemax OpticStudio 18.4.1

US20120002303A1(15-02) .ZMX
Configuration 1 of 1

2020/9/13
Legend items refer to Wavelengths
Reference: Chief ray

Zemax
Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

(f)

RMS Wavefront Error in Waves

0.10

0 3.3 6.6 9.9 13.2 16.5 19.8 23.1
+Y Field in Degrees

!B—Pu!y B —0.4861 —0.5876 [} —0.6563 |

26.4 29.7 33.0

Image Simulation: Geometric Aberrations

RMS Wavefront Error vs Field

2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Image size is 1.0373 W x 1.0373 H (Millimeters)

Zemax

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

2020/9/13
Legend items refer to Wavelengths
Reference: Chief ray

Zemax

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1
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2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Inage size is 1.0408 W x 1.0408 H (Millimeters)

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) .ZMX
Configuration 1 of 1

Legend items refer to
Reference: Chief ray

0.50
n  0.40
o
>
=
=
=
£ 0.30
(=]
2
o
fiv
b
S
E 0.20
o
4
3
=
L—=

n
=
Z  0.10

0

0 3.3 6.6 9.9 13.2 16.5 19.8 23.1 26.4 29.7 33.0

+Y Field in Degrees
!E—Po]y H—o0.4861 EﬁoAsusE—o.sssiI
Image Simulation: Geometric Aberrations RMS Wavefront Error vs Field
Zemax
Zemax 2020/9/13 Zemax OpticStudio 18.4.1

Wavelengths

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

(h)

2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Image size is 1.0391 W x 1.0391 H (Millimeters)

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

Legend items refer to Wavelengths

Reference: Chief ray
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Image Simulation: Geometric Aberrations RMS Wavefront Error vs Field
Zemax
Zemax 2020/9/13 Zenax Opticstudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1
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2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Inage size is 1.0394 W x 1.0394 H (Millimeters)

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) .ZMX
Configuration 1 of 1

Legend items refer to Wavelengths

Reference: Chief ray

0.50
n  0.40
o
>
=
=
=
£ 0.30
(=]
2
o
fiv
b
S
E 0.20
o
4
3
2 \/\/\/
i P Todet
= W W
Z  0.10
0
0 3.3 6.6 9.9 13.2 16.5 19.8 23.1 26.4 29.7 33.0
+Y Field in Degrees
!E—Po]y H—o0.4861 EﬁoAsusE—o.sssiI
Image Simulation: Geometric Aberrations RMS Wavefront Error vs Field
Zemax
Zemax 2020/9/13 Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Image size is 1.0380 W x 1.0380 H (Millimeters)

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

Legend items refer to Wavelengths

Reference: Chief ray
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Image Simulation: Geometric Aberrations RMS Wavefront Error vs Field
Zemax
Zemax 2020/9/13 Zenax Opticstudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1
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0.50

RMS Wavefront Error in Waves

0 3.3 6.6 9.9 13.2 16.5 19.8 23.1 26.4 29.7

+Y Field in Degrees

[E—Puly H—0.4861 A — 0.5876 B —0.6563 I

33.0

Image Simulation: Geometric Aberrations

RMS Wavefront Error vs Field

2020/9/13

Object height is 33.0000 degrees.

Field position: 0.00 (deg)

Center: chief ray

Inage size is 1.0396 W x 1.0396 H (Millimeters)

Zemax

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) .ZMX
Configuration 1 of 1

2020/9/13
Legend items refer to Wavelengths
Reference: Chief ray

Zemax
Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

2020/9/13
Object height is 33.0000 degrees.

Field position:

0.00 (deg)

Zemax

Zemax OpticStudio 18.4.1

Center: chief ray
Image size is 1.0394 W x 1.0394 H (Millimeters)

US20120002303A1(IS-02) .ZMX
Configuration 1 of 1

2020/9/13
Legend items refer to Wavelengths
Reference: Chief ray
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Image Simulation: Geometric Aberrations RMS Wavefront Error vs Field
Zemax

Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1
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RMS Wavefront Error in Waves
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Image Simulation: Geometric Aberrations

RMS Wavefront Error vs Field

2020/9/13

Field position:
Center: chief ray

Object height is 33.0000 degrees.

Zemax
Zemax OpticStudio 18.4.1
0.00 (deg)

US20120002303A1(IS-02) . ZMX

2020/9/13

Legend items refer to Wavelengths
Reference: Chief ray

Zemax
Zemax OpticStudio 18.4.1

US20120002303A1(15-02) . ZMX
Configuration 1 of 1

Image size is 1.0390 W x 1.0390 H (Millimeters)

Configuration 1 of 1
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