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Abstract

Abstract

Modulation transfer function (MTF) of infrared detector is the key parameter to
connect device fabrication and whole system application. Its essence is the attenuation
degree of the signal frequency component in the cut-off space frequency range after
the photoelectric imaging system, which can truly reflect the spatial resolution and
imaging quality of the infrared detector. MTF has gradually become an important
index to measure the imaging performance of infrared detectors. In this paper, in view
of the test requirements of the self-made HgCdTe infrared focal plane detector MTF,
The MTF test method for array and line array devices as well as the structure of the
device MTF are studied in depth, and the test system for testing the MTF of the array /
line HgCdTe infrared focal plane detector by the slant knife edge method is built and
implemented. The main research contents are as follows:

1. The array HgCdTe infrared detector imaging eliminates stripe noise. Due to
the material growth, device fabrication level and readout circuit, there are stripe noise
in output array. The blind pixel detection accuracy of the array device and the
subsequent array MTF computation cause interference. By using dual-density double-
tree complex wavelet transform the array detector imaging of black body uniform
radiation from time domain to frequency domain, the high-frequency coefficients are
submitting to Gauss distribution after wavelet decomposition, and the high frequency
wavelet coefficients are given different weights accordiné to the correlation of stripe
noise and single branch reconstruction is carried out. The experiment proved the
effectiveness of the method.

2. The array HgCdTe infrared detector MTF calculation. Blind pixels detection
of blackbody radiated image after striped noise is removed, the global 3*Sigma
criterion is applied to blind pixels detection. Due to the large error of the global
detection method, to improved this method, using the local 3*Sigma rule with sliding
window is used for blind pixels detection. Experiments show that the accuracy of the

blind pixels detected by this method is more accurate than that of the global detection.
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Abstract

Because of the influence of circuit system, there is random noise in output image
when collecting knife edge target. The traditional median filtering algorithm blurs the
edge details of the knife while removing the random noise, and uses an adaptive
median filter to judge whether each pixel is a noise point or not. The method can
remove noise and preserve the details of edge. At last, the Canny operator and Hough
transform are used to detect the edge position of the knife edge and the angle of the
knife edge, then the edge is projected and the MTF value of the array detector is
calculated.

3. The linear HgCdTe infrared detector MTF calculation. When using the
slanted knife edge method to measurement the linear infrared detector, it is necessary
to solve the problem of how to make the edge position of the target image exactly
cross the pixel of the linear device, so as to output the ESF function required for the
calculation of MTF. The target is transformed into a 'K' type, when to move the
detector while observe the output pixel value through the data acquisition platform,
then the edge across the pixel until the shape of the line of output pixels is shaped as a
step. The output of the linear device values are acquired by ESF curve. When the
MTF is calculated by the projection method, the output of all pixels can not be used as
an effective pixel to calculate the MTF value of the line. The improved slanted knife
edge method is compared with the slit scanning method.

4. MTF of different structure detectors are measured. Crosstalk is one of the
main factors to reduce the MTF value of the detector. To suppress crosstalk with metal
frame structure and ion implantation structure of HgCdTe infrared detector array are
designed. The two structures absorb the transverse diffusion carriers effectively to
reduce electrical crosstalk. The MTF measurement was carried out on the linear
detector without-frame structure, metal-frame structure and ion-injection-frame
structure by the improved slanted knife edge method, and the measurement results
were analyzed and compared.

Key Words: HgCdTe Infrared FPA, Modulation transfer function, Slant edge,

Crosstalk suppress



12

13

1.4
¥2E
2.1

22

23

2.4
$3E
3.1

32

B R
B B ettt 1
PAR S =R ATk 5, 4 2 SN SO ORISR 1
111 MBI R R R R AR oo 1
1.12 MR BRI 2, e 2
IRICIR 1 F TAR -3 LSS 5
AR ¥ 3 [ 1 LT Ik OO 7
121 DM BB MERE S oo 7
122 BEHEBERBAITE S oo 8
1,23 R B R oo, 10
124 OMEFEEIBEIEIBER . ..o, 11
1.2.5 BHIEERBERIMETTIIR oo 14
BT R BOIIE T3 oo, 15
13,1 B EEARIE o oo 15
132 A BEBOIRE oo 16
1.3.3  BRGEFRE MR E e 17
1.3.4  JIEIFFREIR S oo 17
13,5 BB IR e 18
1.3.6 5 BABRRITITE I oo 19
b, v o2 1 s S ik [ BT SRR 20
T R BRI e, 23
HgCdTe & H MTF IR RANERE. ..o, 23
2.0 IR BB e 24
212 BB AR oo 24
T R B et 25
2.2 0 BBIREE e 25
222 BBRRIERR oo 26
223 FEITIEIEIE oot 26
224 ZHRBES o, e 28
225 LOAMEFEMIF AR R oo 28
BT Labview BIZ5/MF MTF BIBRERSG ..o, 29
23] BIBRERGEEIEIE eeeeeeeeees 30
232 LIAMETEEBEIREIITIF. ..., 31
233 BB BRI oo, 31
ARG oottt 33
BB R IRIEE MTF IR oo 35
BRI B R oottt 35
301 THENBETEHR oo 36
312 WEENRER/IETER o 39
313 INEEBREBIEREIE e, a1
T BERB T TTAM. ..ot 44
321 BORRMEERRIE . oo 45



322 BENE 30BIMIE e 45

323 BTTRIUTTEE ..o 46

33 RJIOABETE......... et 48
330 BEMIRRAE B e 48

332 TIEHBBEREM. ..o 50

333 JIEMRRMEE TR e, 53

34 TRERBHEMTE TEE e 56
3.4.1 B BERBBIBREL oo 56

342 MTIF TR oot 61

343 HRIZHEMIF EEIER. oo, 63

344 AR MTF . .o 63

345 AREEEE MTIF R ..o 64

3.5 AR BN oo 64
AT SVIBBERIEEZE MTF IR e, 65
41 BB MTE BRI e 65
B2 R L B T i oot 66
43 BB E MTF T, e 70
431 EBSFRHZRAERR ..o oo 70

432 BHIMTFE TR ..o 71

4.4 ERFUBBHE MTE BB et 73
441 PEEFRHEESSUHMBTIGEMKIIE . 73

442 BB HEMIF EBEIER . .o 76

443 BFIBUTRRELIRE MTFIER. ..o, 77

444 BEGERITURRHE ... e 78

445 AEILEHIEFIBEHEMTIF I oo, 81

W W N5 Y 6§ 355 = AN 83

B A IV oot 84
ESE BUTFTE BRI VB DM e 85
50 AR B B TT It oot 85
CRIEP N < V=Lt -5 : )= OO 85

512 AR EBITBEERERD et 85

513 R EIRTTEIEY R oo 86

514 AR EIRITHIDZE e 87

5.2 BB L/ IR I A oot 89
521 BB LA MBER e 89

522 FREREMRIC VEMERERIEL oo ese e 91

5.3 AR N et 93

B OB B E RIE oot 95
6.1 BRI R oot 95
0.2 AR IR oottt en 96

B T N R oottt 97
B ettt 107
{EE MR RBOEFMUERE L RIFRICIEMERER ..o 109

vl



B1E 55

®1E 5N

11 IMEFEEARRNA

M 200 E AT LLAMES BORBUTHR, ATEFFER T 4RI B T, B3
& RSB AMRMSE AR ABRE T ENRRE. 30 FLUR, LI/MHRNE
BARMKBEMBMSG, FHEEEHAR, MEER. UL, PEETKRE
RSB ETHARIZOMNA. LAMEFEERBNBEFINE K. BEER
MRS —REBEFHE=ZRERKE. A%1%:EEE (Module Transfer Function,
MTF) {ERERLSH R ERATROXRBSH, BRELZI|EW.

A EH EE /A HgCdTe 4L /MR IR R HFR RAR FIR, FENE TR
& MTF BRI 75 1%, BEX AR H i RN B LT R .

L1l 5MERFERNE LR

M 18 HEEERBR S R R SMETFHE, LAMRIMBHARBE T RENRR
24, LTAMRIIBBA 125 T DA F BRI E — &5 (Linear) £ V&
B35 AL R (Staring) B F HH R, T4 14 A B 1 AR A B0 8 = AL SNSRI
BRRE.

BRI F AT RE S RS E VR 7 G TRI B RAR, 1
LHIMMRE 1 1TEE NAIT (KR 4-817)  NATHIF X AIERS $24 B (Time
Delay Integration, TDI), X H F A&, 8 1 TERRBFEHE B — M5
RIS S BIARS, BARNREE T VN . S TR BT L8
HRG— R H B, BTHRFIRTUREER.

T ROAMEPEHAR LIRS, B TSR g s, Fon
K o H LT SRS B A A UM B BB, KB AT A
B B E MR, RIS RS T ARIERE T . A TEEI
FrRBA S, EEA HgCdTe. InSb BAREMIMRAIRMIE, PiSi HflH
3 SRR B AlGaAs/GaAs FAF MR THR T H TR ARME . —HKE
TR R, tHEED T S AN AR KR, KKBE T L5MRI R SR A



it 8 K 41 & A T 1 ) 3 B R D VR R

RIEAE 20 20 90 SEACHH Y, il BURIIE A RYZLAMRI 83N T AL A6 A = 1
iAo

LEAte 00 AL 73 =RAIMRMBREBAR MM S, ETEESES
PEREAMR A A P IRA B, A FIAT R RIS AR TR g R R IS-12 . AR
B Am 3 AT w0 ik RE (0 £1 S R 4% 2R A A% 0 B TR 2% 15 2 B 3 R A e PO R
P, SRR TRE R EBU/NRS . SRR AR f AR A B R
s

BESLLAMRN SRR IE T BB T LAMRI S8 B R R IR ARk
i .

BrRE AN, URBMEER. £F
BEBARNE.

%50 101, ERMEHAR, awip, eI

RMABEPE, WA METHEA,
A .
[T}

/E Hi
L ]
KIEEAL, £6. TEMBER, #iE

BHAR, FRER.

Bl aSRuBRREY
Figure 1.1 Development trend of infrared detector

m PR R ZLAMRII R K R R BB A 70 2R O7 AR AR R
AT o [BIBRZLAMAIN R0 R R I 52, W] LA BB B P  J5 M HES)) /1 2 SR
MEFPARKIBIEA . ARG AR i Ehr K, BIZ RN 28 B A iz 1R
PR, EEARIE, EORAOBRIERE K ENMOEIR, RS, ERIXEFRA
(RAE T LLAMRIN B BRI Lt
112 £I5MRMIZRRI TS 2

ZLAMR DI A AR AS ] FE AN TAE 7 s A R Fh 28 o a4 2544 X 9 K VG
A G IR LLANCE ) AT i) RN L0 AR I ) TR T 28031, Ho st 7 (38 K 4
B9 1~3um, 3~5um, H18~15um; HRHE TR 6 FE X A] 43 Akl A BUFIESIA



$1& 58

BRI B o WRAE 25O LR SURT S AT OB B T R AR 2% o 4508 T 4% JR 8 ST
S ARG RN BRI
(1) #dRAEE

ARG SMEN G, BEERENFA TR E M E MR
S ix L) FRAR M B AN 2 A Eh B L FE PR R F MR AR5 T B IR B AR R 4T
SMEHTRER . RIS £ A AR IR B AR Rt R 2.

O AREBERNIE

FAOPE LRI 2% 1 5 2 R AT W B T 4L SR S AR 5| R A U T R T
Tar BA IR S 2B AL SRR M 21 SR 5 B S 4F 0519, ZE— VIR F R dadk P, R
S FIESEEF P ORERES FERE, 2 FBRENATHESIERERR BER
o 29 SRR LT SR S I P s 2 7 A AR AR R R B B I AR IR & R
ZAPBERBN . EHXMEE KRR AREREERN BB —NEE
%, BARBFRRWLIMESE SRMTHERAE B KRR KL, ML SE
. BT ERMB B ERRES B KB RIEL, FIEMSHNEEFEER
T &5 A0 0T e LLABI S L SMR ST .

AR SR REEWMEE, sTUTEEENAZET, 2N
RIF TS E . BT HRUBIERESS). ThReK, AR EERAEFE
TR K.

Q ARG Rt

PRBIAR S At AR BB B, S LDAME AT BRI BT BRI A SR I 28
R B B 2 Ak, 3 TS R 00 288 ) Lt A 44 R A A 2R P J5 BB 0 o A FA R 2%
3o RS At AT 7E R4 IR T T . MR R R IR LR AR
BARE K BH iR E RBON & FE AR, 45 HBEE /MRS R B 5
AN . SABRRNESHEL, REFEPRAK. WmEEE . 4T

EG VFEER. REERSRA, HBARE L 00 FA M A,
O MM

PR — PR IR P 2 ) RO REK 2 A A o IR AE — AR I R A8
AR AS [F] AR £ 4 B B T U P B B T R AR B R, 5 A AT T
— RIS EHFEEA R, WA 2 ARZBAS RS TEERERE, N



R A5 £ R 441 bR BORAE T R

PGS R AT AR B IR BT 68 P& R P AR R B B, BB Z RS E
AT LA E] AR ST O R B BT 3 K1

AARMERW EBR, R AR R, HEERE. DR K
GHEI%, HLEXMATERNRS, RE ZHNATAREBEARSUR.
(2) BRI

FEARHEZ B AMESHE , LAMERN RE B 2B P 0 T E Rk e 1
BEPREHE, NS R RES B MR SR, XA 2R SO At
R o A 't R AR ) BRG B 41 SR B8 B PRt B IR IR 20 R BRI 4%
FIR A TR SMEN SRS, BB RMR. ERGEEET A X
B AU TR KR
© St FHENME

Je RS R AMRII R AR At R R ALAMRIINES , Bk RIS B BIA SR
ST, AR LR FRERNMNERAS S BHARSRESELEIRET R A B
A, NELFENESELM. IMRARKRZ L IR . WEFTR:

NS T

1
4

4

12 XE}RNE
Figure 1.2 Photoconductive detector

6 L IR S AR SR AR BT 43 B R RN 22 R T R B Y R R (R B AR H
JLiIF PbS F1 PbSe Yo FHRMIZE . PbS EEM T 1~3um BB KSE D, PbSe
ERT 3~5um BBROKE O . BEYEEG AREHMBREKR, AT
BB ART 7um LAFEE, FEH InSh HF M, ER 3~5um F O LM R
W LA =0k PR HgCdTe, A 7B FH. KEEHE.
KRB 1~3pm PR R, ¥k 3~5um Af MERR FHATRA

4



F1E 9

i

FEK B 8~15um KSE O RN T TAEEREER .

Q@ AR

AR BRI 28 R FI F 3 T4 K9 p-n 4532 BIL1 SN 47 L9 3 750 2 v B 1D DB AR
BUSRFMLLSMEH B, BIRAIER ARE . RRIR MBS AR R7E P B
SN B RAENZARER A pn 4. T n XK 8T p X K227
HY 8BS, 1E p-n EAFMERR— M REMEX. SHBEEREENARSE
RN T4 8, RARERE.

LEMBZEEERGE, A FE pn S5 pn SHHEHRE, PAEKS
FERNBERGETT LR HNER T XA p WEHR, &1 n MiEH.
RN ML TTRRER T, ATRRERKERE, XRIEIRAAREN .
I 2 8UR Bl R B LL A MR M B8 R 2 A e AR IR 58

g hv
,,.-|:
S ex +
Bl T — % GD
[ ]
B13 BRENS

Figure 1.3 Photovoltaic detector

FeARERR S B A R A SR T A T RE R - A T HER 4R
51, 5 CCD & CMOS &4 A ST ERES .

113 FREERAIMRRIZE

FRRAM RS HEAR KR BELN T 60 FH L, M EH L8 1959 4/
KEERES S5 EEPTRTH Lawson 2% AR B T 74 R (HgCdTe)t KL T 44,
WEELINRBEARHZNT — M FLm. AL 70 £, EERBETRHE

5



TR AL AR T W A3 R R T A L

K (HgCdTe) 145V [ [ 5l (Focal Plane Arrays, FPARER:, M UL LTS AR IR IIFT 46
%% HgCdTe MISMER BB AR . SARFIRES Fr REF ARSI SRR R - 7
BARB K HAE 2 F A BR T CUBIS 4R A A8 4 17 1Y, LR IUTE R R AF IO
HEANLINE B FHRRCEBALIRB R —Mrl, EE/LHERE T2
IR -
it 48 7R (HgCdTe) =& H TE 2% 1 B B2 0 k44 4 (CdTe) 1 S 4% 5 38 5 A 4 R
(HgTe) BATI A Z mEHM R, XEMMRERRNET &1, Rt
HREOAEIL, BT RBCILIESEER A, iR HgxCdiTe. T Cd 4
# x B, W ASERMRER S NAFRBBRKEN LB RN 2E S, RANRAR
FRER. BUPLEER. B FIBER. PTHEGKERNA.
RRRUBEARRBHEE T BB ) 5 7o I 2] BL7E K KRR I
K& . N B ERERMBBRI, SNERBRAS T RERLIMRAS
MR ENA, EHREESSEMNNA. RFEENRRERRENTEQ4HFR.

SINE N
S ENEETY B
[ 1 | R O A

M 1.4 FMRL/IHRNBRRE
Figure 1.4 History of the development of HgCdTe infrared detectors

BRMPHRERLMANSR EEAE DML 60 FRBRHARMAN, EER
T R R 2 MBI  F A=) & T2 A BBV, W LLSEI B K B 4R,
{EiZ28m R B . B 70 4%, HBLT WK 49 e A& s R A,
B —RINRT IR R R R L AMR IS . 5B IR T MR R R S BT
Fo BT )\HEMR, DIRMRRERRLSMEF K E ARSI E R, BA
FRA#GTRNETHRE, LSRR DR, FrOVERRE KRS TR
Wi REEE, FIREHR T RAB/NEEORRGEHITTREYE, MR AR T4

6



F1E 35

SMERIBR R RERAFNZERE . 1999 FF, BEHE ERFARE THE=RLSH
AR RN R, EERGERERMERERAN T R#TRT. =R
HIFRRLIMRUBZEER T B

O RUARKLIENE. EREFRRORMERE /) PEENR R OHRNE
B, BAEEYEEES Imk.

Q@ REBRERME. BERERNETFERMBZARD. KR 8um~12um KB
BRI AR, R EFRAEENREE: KBREARGERULNEX
MEETFEHRUBAR, DERREBFEIH; REGHER AD BHRBAR, RERE
MBREOERER; RESENHOUNEEIPE; KREEEHBEEEAR.

Q@ RENE (MERFRN) MEe (ZEBRHFAD KR, RI/EIRER
M A T BRI ER B9 IR R sE /132,

® RERENELUREFHRBRMHEA, URBIE B IREHRE.

©® RERMAEIEHIABRRLIMRMES, LHRWE LEEZERE
ERUIERRE, HABSRMNBHANORE, AIAFMBONAEET X
R R IF A

BZ, BRRLIMRMBEEREETHRIEE. ERNORAER. B/
KRR T FES DT [FIRIE KR R -

1.2 5MFERMR BT IBER I

B LL AR 23 R AR R R, W0 TP IR 3% A4 BRI A B9 B — IR
BRWE AW EERE. BRSBOERFED, TEAPMEERGERVERT
PR A8 72 A ) e PR A R SR AT e A B s R ENRR A S MR AE%, —A
REERMBORMEE BN D*, RARMARMBR S EROHER. £F
MEERE IR H EERE SEERH(SITF). B/ 2HHEZMRTD).
1% 1% 5 ¥ (Module Transfer Function, MTF)& S ¥R xR HI G R E#ITE
R Hres-el,

121 £IIMRBBEESH
ESERRBSITRRMR T LIRE R ANEERNIEE, FWAIFID
HRBRANEESH T —. HERBRELIBERENIGE . KIEE. I

7



RRRASMETE RIS R RRIETERR

E RS . &SRR IR R S R AR . 5
B (iR MV BRI R RS |

/N4 PR 2 (MRTD)FE SUNRHE A2 ISR ) 4 KFBRFHET IR, %
BRI 2 REMOLIN 4 425 1 0 B BRI S SR (035 . B e
THRMBERN R BUERE, FIR BRI T RO A R . EESHNR
FEAANETES S, SEHAT . TRIEEE O E MERN KR T4
SR R 5 22 A L R S OB B

122 RIS R EE X

ME S i, TR R RG] LRSS S 07 T R, SRR
BRAG L T X EAE SRR B A REe W sz ml, ZRGREA
R IR MR R, HAS 5153080 0R B AT DUR E AT I7E I (a) g0 Rk oy 82 sl
R R 2 A, 3 AT P AR g R AT A

YABE ST E R TE S, B SRR RAN He, RSUESTGER
Rt R AR, 2 (8 3 R SO SR I | B A IR LB R A
KL S BURA H %, BN 1p/mm.

TESZEIAM R AT E A R R LR RGBANR, HREE 4T -
HIESZP AR . T EQS)FR, —MEZEMRLURIEE x TRKRES
fii, FEIESZARIASE N £ WHRICIRIEA L, REUREPPIREN L.

L

n
:L_ 1 BERE
L
L \\ ey 0 p \\ ”
L O S Vi
—>blc )
EhRRR

Lo

2nf,x

A 1.5 XM F SRS
Figure 1.5 Luminance distribution of the stripe image of a sinusoidal grating

W EEfR, EERERMERRREE K RLEEE A



B1E 55

L(x)=L,+L,cos 2T f,x (1.1

SEPRRURFRIE AN

L' (x)=Ly+L', cos(2T [ .x—0) (1.2)

fE LR £ ORFEBEINY x 77 R IESZ AR BB, 801 1p/mm; 0 BEAR iR
5 SEBR AR SR S Z I IARDL 2 . S PR R A 2R SARLE , SRR R 2R U252
FEREHEES A, ERECETE, WTE(6)FR. IEZHEE N TR
WG SR BUN LLE T B, T IE SRR S R BN R SR S B8 3), B
SoF EERE B B T (0 B R B0,

L

16 EZNHMEFLURMFEES T

Figure 1.6 Luminance distribution of the stripe image of a sinusoidal grating
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REHZANER. i) REAEEA GRS, FHRES. BRAERET
WEZARTHORIE RS, BWYESSRHORRTET, FEAEHRANA
FHER. WREL x, y) ANEERNELHAANAT BESEZANE
m.

ix,)=[_ [~ ol&,mh(x~¢& y-n)dédn (14)
#ERb, REKIY) RAT BES hxy) IR 0En) HEH, B

i(x,) =h(x,y)*o(x,3) = [ [ o(&,mh(x~&,y-md&dn (15
RS R A R R L B4 RS 8 B B T B S0 R
FHhZR.

I(w,,w,)=H(w,w,)eO(w,,w,) (16)
kR, 100w ) RO, w,) BRI NGB EGE Hw,,w,) R4
P EEROEEN TR, R AREEBRR, v, ATEERE.

oY RS TR B A, ATUAEEEEBRE.
H(w,,w,)=[" [~ h(x,y)exp[-27i(xf, + f,)ixdy 7
H(w,,w,) B2 A%, TRfEOIF (W, W), OTF RAEHA#
&R
_Iw,w,)

OTF (w_w)=—2"22 -|H | X
oW, O(wx,wy)l I (1.8)

LR | H | AR OTF §94%, #AABIEERE MTF; ¥ AR HK OTF i
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1.2.4 LISMEFEEVAHIRIERRE

TEN 2 U RGUX A (M AR (2R 1 R G5, 82 A1k 16 f e J82 B 537 B0
BREL R BR BT DUAR T 6 AR B R & . e b, ORI R
AR i 1) 75 Y E 2 AV SR S A S e i B2 o} UG T B AT VRt . B T ATET . 1822
RINES T ZGRFE 2 Fh R IR0, SERR 62 RGExT sG IR BT AR AS 2 B AR )
JURT L, MRS B RBUR RS, R E(1.8)FR.

e RMBRIR AL

SIS
D

’ 'x I
B R

1.8 Ry BB
Figure 1.8 Point Spread Function
PA= A b SR R AR T T L SR B S BE 430, AT 45401 b s BB 5 4
R h(x,p) , BRZ AT BeR $(Point Spread Function, PSF)3%401, /1 4™ il pf %5
AT LA 65 R 0 ROGTR Ak B2, sOBIR AT LA U2 e 2 TEBR /N B T LT
P, M L 6 MR

PSF (x,y) =h(x,y)*5(x,y) (1.9

BRI

A AR B S TR T U AR T, AT Rom A

PSF (wx,wy)=H(wx,wy)05(wx,wy) (1.10)
BT IESE I 6w, w, ) (MR 1, W]
PSF (w,,w)=H(w,w,)) (1.11)

15 PSF f 48 B AR [ 15 3«
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T AR AR L1415V 1T 1 ) 1 3 R SR AE T VAT 5L

o0 -0 14 12
Hw,,w,)=PSKRw,w,)= L J: PSKXx,y)exp27 (xw, +yw,)) 1-12)

OTHw,,w,)=MTFGw,,w,) g (1.13)

Horh PTF AENI AL 3R . W) PSF Zid {8 B k25 ¥ 5 A 5 MTF.
HAR SORTREREN 20 R A, 24— iR S LI A6 % RGN
MR R ER R T RS 8, HAHES T RORENE M. KR 1 R
h(x,y) #R2Z &Y £ % $(Line Spread Function, LSF)*-42, H X R 4nE(1.9)AT

!

R BRBRG

Sl

00 0
- L
»
Il . .K

bt et} SABAIR

19 Ay BEH>"
Figure 1.9 Line Spread Function
T 26U & B HA TR R, MR ICIRFT U N A ROCTRIR L
BINMRASE T LSF. WIESNEHEARE:

LSF =" PSF(x, y)dy (1.14)

H — 4 B AR A x 7 A BT 4G
OTF (w) = LSF(x)e"™™dy (1.15)
OTKw,)=MTF ) "™ (1.16)

TE6 2 R R 102 2R MR AR, B 7D I REARE N B Ak 47 A& i LR
JRER I RER A AR TS5 RGP M RIS, R ALY HR $(Edge
Spread Function, ESF), @1 F&E(1.10)fi7R. HAETMAE AT LAFE A LSF 1E x J7 Ak
=i
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(1.17)

ESF (x) = jLSF (x) dx

Ot AT 75 R BX ] [ ESF pR 0 MTF {E 4156 3K 4 LSF
(1.18)

iESF(x) = LSF(x)
dx

B 1.10 A%y BRHEC)
Figure 1.10 Edge Spread Function
it Fik#ES, w183 PSF. LSF 5 ESF Z A E X REW(1. 1)~

—HMEEMTHR
> MTHg 7)

PSF(x,y)
R
B5 ‘ MTF( £,0)
T—ﬁﬁi T2
y
\ X%
ESF(x) = LSF(x)

1.11 PSF. LSF., MTF X&HE
Figure 1.11 PSF. LSF. MTF relationship diagram
St TR 00 5% £ VR o) £ 3 R B30 DL R R S RVBER TN 28 R BT A T, L
B Mo, RGER T bR DU ROh— AN B8 B el Rk gE, RIS P iE L
Fg— A 15 R A9 Rk o 157 A2 5% B 45 - o0 RE T B o PR 23R B MTF i3
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TR AR AL 1 - 1) R 4% 8 R R A 5 R L

R B AR H, A sinc B¥

‘ . (1.19)
MTE = sinnt fa

= sinc( & fa)

s, £ A 2 . USRI BEE DT R oddh 17 R 22
ISR, BEINSEA S T2 R GBS, RIEATIA BB WA,
— M sine BRIE—EAMIE S, = =, HRBMBHORHE MTF (-5
.

AHF(L):AHF§J=O (1.20)

B MEESF oS TR BTHE MTF SR —F, HOuREN
%

L1 121
fo=5=5 (121)

HART R, sinc B—MELNRE, HE 50T BILHERN RS
FHHRA K MTF WaRE . (HRBIBREBHREE N JESHMERT ZFHHXK
BgER, FSR&ERE, ERWE SN MTF MUE.

1.2.5 A%EERMERIMARIR

8 TR A% 0 R B TE VPN 2R LR R B R R AN Rt , M Bt
70 ALK, X MTF ik CCD &4 895 SL- 1ML fr TRRPNAZHT RIT, FF
B BB A W CMOS 2414850, 2T A0k [ 2814 B 4 Fh B RUA L AR B
B LRI EE RS T A sS4 5T

TS EESHE EWREENS, ﬁﬁlﬁé’lﬁ'l\%#@%%# MTF Wik Tk
Mgl 90 ERBFF TH L. Luigi de Luca EIL T SR M= B 2 I 0 4 5B AL
SMEARESHTETT T MBS, R4, KJBamard ! GD Boreman £ H T —Ril &
HgCdTe TR 28 H9R #4518 R B 7 ¥%, %A ERA T 3.39-micron HeNe Bt~
R E T RS A KRS, AT ENMRNSECHENE T S48 MTF, H
4t 5 GO R A — (08, 1992 4E, Stanley J. Pruchnic 2523 7 Al 3k 48434
ERABTHBRENEY BRE, FIKT 3~5um, 8~12um KL FILIMEH
MTFB4, 1993 £, A H. Lettington %5 A\J@id7E MTF 8 7 5] N B #UH B 28 #
(DFT), f@u 7% 2% E%, 1995 4, Alexis P. Tzannes 1 Jonathan Martin
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Mooney %5 A\ K FASGARIEAL 7] CHERIR T PtSi RS SMEFEERN A
i MTF {856, 1999 &, XEEHAMMRAARKR T ZidtE X &5 5k T F
P43 fl P S8 R FEARL ] D VE S 0 40 A AR A9 MTF 4T 7 AR 1E7. 2000 4
Bouchra Harchaoui % ¥ F B )\ /M7 5 el (0 iRF &0 L AMEF E T T 0
I8, 2018 £, J. Schuster X FHALL MM MTF HKIEALEIT TH R, FIFCH
B T ESHT MTF # TR, 76K T E MRS E HR T b4
MTF & — MBI 5.

S5EsEE, EAx MTF (8 AR+ E R0 8L R ™ Wt CCD %
77 H B RRBR 76061, 3} FA5ME IR MTF A7 0 LA R,
ZAXVESCENEEFUNRARS. BT HESREEROEZEFTER
H T R%Mp e 41 BREP TR, M 2000 EFF4G, BREBLIRKENEFEHR
PG 9/ NATF R BB x40 40 2844 B9 MTF WK% &, MK 7 RABR#I 0%,
KERGRHBEMFITAE, FRETHET MK HgCdTe 8 T4 MTF
JiRtes-81, 2013 £, e 41 FIFIAXUT] OR#EX 320%256 KB H KL 5H 4%
T TR, FE, LERARAYERACOFPEER T EE InGaAs 44
£FHE MIF (IR &, FERR TREAME. TORMENNT 0A#%,
%t InGaAs LLSMEF ERAFHT T WA,

BB LD AMR T SR TR K, TR TR/, LL5MRPI2§ MTF
AR BN FRBEREE, BFETERERAFER. B IRTET
941 S F T MTF S8 AR LR W58 T 2.5 S m R4S 2884 MTF 2k
MR E ST

1.3 S£FEBERREAR T
131 EZAMIERE

IE MR bR R 48 B — 4 A RS 38 0 [R5 3 9 AE SR B 2 I B A7 R ) 2
B4 MTF4, ¥R AR BEERET MTF E XL, FIASMERKRANR
BB RIS (AR, EEREUE R AR B RGEAT I B AR B AN RISRER
BIESZ MR, (ERR R — A TR EBTHR, —KTEN MTF
KB/ERTZRTFMEHONR . HB AR EZEMEEFOBIERERK, R
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ik B R 4L 4P 1 T U 1 A4 356 R R AE O TR 5T

BHIEZOCHEE bR T eI & 434 MTF B S8 & L.

ALY

— 7

B()}\: :

L I I

MIF(f,)=

A 112 EFEHHERIGA MTF

Figure 1.12 MTF of sinusoidal grating target test

132 =i BEREUMRAE

— AN ROGIRR BT LR R R Bk iR B, B T AT R 2 S, 3L
R E EHmS— DR, T (1.13) Fim. KRl s
AR HU(PSF) 778, ik bR B AE B B VG R 5T, RGN — N
7 PR RO 24 T4 RGN VA ) B A BT — 0 25 PSR 1 LE 526 o A U R R
2§ MTF B, B fOCRREE R BRI AEFE L, FIFRERGXEVE LA
IR B RER AT AT R G R T I 14 B AR 4 5 AT i SR 48 MTF
6. I H— KK AR 2] x, y P55 A LA MTF . (B7ESEFR, BRAR M &

: A(£)-B( f)
Gray balance M =
Density calibration m( jé‘ B(ﬁ«)

l

M (f)
M.(f)

SRR D], FEH N MTFEREBE, S ridEREm.

A 1.13 K BERHENR MTF

Figure 1.13 Testing MTF by PSF method
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133  FEEEEMIRE

B — N RNIR AL R B FE RGE AR, WERTE LT A
FORTEREEE T AELT 8, BRRKT #EH (LSF) . Hu LA —&R5]
BEREFEAN AT BRBEAERE TR ENEM. &Y, A1 REE
FEHRAERABEENRIE, WTEI)FR. ST BEH0REREREER
GE AR R B SR R B AORAR, BT EOLIRSUE R BUETER 1,
MR AGFRBERY B RN E R R, ELRUES, FRAMABTFER
T B HEMETTAHN TRARITHIHHRE, 83 LSF R¥H T HERME
MTF831, %07 ik SO REHE R B AR TE SR SR, IRE R RERD, BUE
S REAMTS . ARESBRETHER T H a5 o R T RRIIEE MTF JU& .

S EIN ]

B 1.14 FERHENE MTF

Figure 1.14 Testing MTF by slit scanning method

134 71O RRE

TI O RAE IR IR J) CEEAR, (68 7] DA BRI BB T £
FregEe, ERRNSBLTENORGNEX, NERRRKSHBETIOK
WEE, F87]0M5 00 B RZEATEM, B HRFEE . RDLEER
5710407 B 8 R Bk RRNU LY R B(ESF), T E(L1S)FR. g RER
R PR AN, o ARBULT BRH, BEITH R FEHHEN
2210 MTF (B4, &5 R MR B 2R & 71O 7)d S HMEB KB IC= - F1T
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A 115 JIAB#ENR MTF

Figure 1.15 Testing MTF by edge scanning method

13.5 g7 ot

BT OGN0 B R . RERERERE, #4076 0%
(8892, %5 ¥E RN ) O ARIEN — A SuE . BA ) DR EE D TR
(L16)FT7w, FIFTIOHER — KA. Bt 10 TR i 3R 3 1 — 51 581
FIBTT, 17808 N RIS SRR, B8 TR0 —ME T
AT T KR 1N BOF 4 0 BRI 28 SE I TR . T TR B 15T 04 R i
1T B B9 HES A B ESF #I 2R, 5@ SR 5 AT i 55 e T R B84 10 MTF {8 %0
BITIEA 4% R T CU0 ARG, (87 B LA 58 AE B iR & B T R 28 1,
X T45 8 4F MTF IR R Zid— S T.

[ Bakbocy —
Target olo] of[e]e
a 41ata
a
FLIR / ale]p &
ololfolofe
Off-Axis <[aJ[=]a]=
Output Parabola | e
Test Configuration Tilted Slit Target
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o o ©; MTF
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“ a & "
. B ©
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Super-resolution es/ MTF Curve

116 MIH 7] O MTFO)
Figure 1.16 Testing MTF by slanting knife edge method
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13.6  FMERARAIAE

J7 BAEAR R AE— N EEAR LR MR 4 ANE G HOBR AR AT AR - FL P e gEl
B, R MR RBL 71 MBI R, T EFR. 4B
R UM B TAT RS G OB I I, NS E A BRI ES o S Be s i) 58 FE 5%
FRRAEM M EE, J7 B EAR 2 () 4% R B e h L BE 5 PAT R E AR EE 2 EL B

H=7W

A 117 FFEERERR MTF
Figure 1.17 Testing MTF by square wave target method

BLAMAR BUR R G J7 B AR A AR AR, B O AEAHB T A
FI A EE R 4T 5 BB AR FE RS L RN Vima, GREEH4 E E AR £ O£ T ANIB DAL
fof LB 5 i TR BE S LA BB Vimin « 15 5 BB M0 5 P 2545 5 HF Z HUAR
Jaxt LU A% 33 R 8 CTF(fy).

Viax— Vi
CTF (T, )=_ne_mn 1.22
(Ll (122)

H T 7 5 5 T PR R R TF B B R R RSB AS iAS 5 2 A, 3 b
£ A% 3 bR B0t W] 7 T A 5 R AR LA MTF 2 RES-93), an 48 7
WS 5 RO BE 0 R AR AR X L BE A R B, BT BB 92 () MTF, 4R 5K
7R

] (1.23)

MHW1U=§angpﬁﬁf“0_CTHﬁJ+CTHHQ

5 7
HT5WAE T KPR KT 1/3 BULSERR, CTF & KI5 A] R .

MTF(L):§CTHg) (124)
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14 FRXHAEBHMNARESH

EHEER BMTP)RLSMRUBNEES Y —, W RBH R HTRR
RERSE . BEELIMETE IR R Z, MRS RIS MTF f%0fE t
BEmZEEMR, RS2 E RN E X LIMRGE MTF ER Y T HMER. &
3T LA feT e B B HgCdTe £051E-F 205 K M e 4840 MTF 16, UARafF
ZiHxt MTF (208 B KT R 7T LT AR IR A

HARFIR A KGR R K & MR8 & % 45 22 HeCdTe 4L SME-F H I
MTF JRX R G - % R G B B [R5 L 20 FUER I 28 B TH R4 0 28 80 MTF Ji
A BB 2 Labview AT 92 STHL T 4R 51 8304 (1R s 6t SR 58 A% T R 44

HORF R 7] O [ B HgCdTe ZLAMRMASHEAT T BB REF BT T
MTF i+ 7EH RGN T B E T, EHTHERAE. T DR
P RSy BRSO I A 5 R B AR TR

BUEST AR T Ok RE S TR 8848 MTF &, X% k#T ool
R T K 7 RS ARE LR T BRI & B AT B T SR A B CAERAS RS ) MTF
{EEAT TR o AR EITIEAM AT AR T R 4841 0T LAY 22 5 844 MTF itk
TR

AR SCELE T

F—E5 T, EENA T LIMRRFE KRG 0L HeCdTe LL/MRRI 2R
RBRE RS Fx RS R B e ST T, BB T SRR MTF
R E A SR RSN & MTF JAH R 757, BUEIRI T AR R
HE &AL,

BBEMARATEHER, 2HNATHRTEHFETLE, BE K
F& . BEREFFEUAREEH A WEHSNTH T WTER Labview i
17T RS R R RGN S8 R R S RAZSC L

B EERRAR RN MTF R, BANH T HGESF BN RS
PR FRF R, RIBET L A/DEX R BRI ERR TR FLRE XA
BEouR AT T Hiktiie, BJEXEE MTF #it 5 2T 7 M.

S0 5 R AR R RN 48 MTF SR, S0 BUA B MR ) Ak B & A&
AT EESA0OIN, RE T IR&5)S#1F MTF M6 A7E. BRmR 1770
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TIAB 5LV SR BRI EM IS, HRX&3#4 MTF (it H it fit
1T Tkt IF5H A IRF & 3T MTF BT E,  DUR A R 884445 M nt R
2% MTF {ERIFZIAE T IR R 247 o

BREREOIREGITTM VBB, AEEBEWLIMETFEIMK
B ()32 17 B A LE R T R BENL A9 R B B BEER AR TR R - SRR EAT £
WURE M I3t ARRE STHATHA . BARETSIEF LK 1/ RAE#IT TR
I

BABLESRYE, WA RBAT T 84 AR MBI F#AT TR
¥,
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28 WRRATFENERE

B:E MHRRETaRR

2.1 HgCdTe £&FTH MTF M 75 TH9%E
fE—Eh IR L SMEN 2 MTF MERTECLM T 40N R. Sh
MRS EHFEELAFORBE, WTFRQHFSR:

21 MTF W&

Table 2.1 Measurement of the MTF

MTF Wik 77 % sk X
M RARIE A B R 1% B IE S OE MR A SE SR
Xy, RABSERE LR MR B
PREEAR, St fEBORE X
RY 8 WAL — BT LA P47 P& MTF {8 .
(BBE RBHREBEARME, THMEMBEZ
BWE S8, THTRENHHRE.

BegAE AT U 34418 B 28 4 4 LSF 3. 183k
HRIESRHEXMERK.
PAI=ECE! 273 21 T 8234 ESF R ¥ TNAXHK
BE5BM AT,
s IOk MR T ORBEYRERF . ETTE
FUE R T R &4
T gitkid R L WRATTEE R, BirESHHIE. H—KkB

R BB — = [EE A MTF H.

B ERAUEN, EZCHHEREE AR BIESBEERR, HFE—FT¥
f) MTF &R EHES N IEZH, MXIEOBAED: Ay BRPEES
PREGTE P R A R AR BE A E A, BRI SRS EZ BN ARRE
B35, TERAFHIRALE PSF RER T, AR T/ELEH MTF i+, HEEIR
FEELROMR P FAETHNRE, §ARENEEERNMFRITRYT, BEE
BITRT BRI/, SRR AX/MOIER Z R ERTH  FIRE R TR R 4E
S5HRMBESREONT, MREREERER; NOAMERESHSIO0™E
K5, FAERRAZ B K FIRBR®); 7B e B RBOEFEE — KRN
R @ARH MTF E, BEZREHTEET®R, MRTTEER.

GEEE, RERBURRTIOEN HgCdTe 41 5ME /2844 MTF {17
W MR ) DRSS T O R R E™ R 8 5B HRTH 5T, WA AR 2.,
BARZT7 ik RIE AT ERE S8 R, R U U S 0 S AT IR AT T il
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it B R 1 b £ T R 1 4% 3 R BURAE 77 1R 5T

13127 R T T TR U AF 6 MTF AR,  JF 0t Mk eh kAT 7 %tk

2.1.1 KSR

AT 6 B AR 0 R Ay b i B R P BB 7 B A 48 v O BRI A1) £ HeCdTe
RIVAMET HRINES o A GEHU AN SO T RE 28 A FIZR 50280, ThI R 28 1F
HIK/NA 3204256, LB &N —FRIFFIAR TSI TR 1E, Bk
RS 5 T R (Q2.2)F7R:

®22 WWABRH
Table 2.2 Test device
SRR B BITR~ LYl
320*256 4.8um 28um*28um 30pum
1024*1 4.5um 14pm*14pm 28um
512*1 4.6pm 28um*28um 56pm
80*1 4.6pm 45um*56pm 56pm

212 RRFESLARE

ETRER 5/ K 284 MTF Hh it i 20 £ mh s 40 4% Sk i 52 38 BEA 3~5 1m,
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T 1S 35 Y14 75 M F0IR 5K 7 9] () MTF {4
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Figure 2.1 MTF calibration of infrared lens
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22 WREGEE

FRBUR 7] AR MTF fRB T, [ B SR B 7] D%
FRIEAT AR IR A BT TR, ) CHBOEIRE I — A 1] S S B R0 B b T 449
T EERRAG K E LD /MR 48 10 A F T b, B =408 & B S R T 48
fTR&ER IO T BRI e, BB RE RGN A A ESF M &k 17 REFF
fi, BE Lok R TR B AR B BRI 2% MTF 1.

221 EikiEF

MR R G VR B AR LA ) CT /A ] 8 35~} ) SR-800R RYHIR A, Wi
THE@Q2)MR. HiBdmMEEERSERRE, 25NEZE FOvER A
RAHEE . ZE IR R B T R AR R R IR s R St . SEd
HLET R F (0 B S 1D AT R A B AR SRR B AT BUE o

kAN s

e

22 HERRE

Figure 2.2 Plane blackbody

ZHEBRAESHWTRQEI)FR:
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il B R 41 41 £5 T T R 11 A odh bR R AE T VB

R23 REASH

Table 2.3 Plane blackbody parameter

HAR g R SR
7%} I S e C 0~125
BZEVERECC -25~100
$I51ECC +0.010
RS REC 0.015@AT <0+ 0.007@o< aT<505
0.015@at > so
FERCC £0.003@ AT < £10
R HE 0.97+0.02

222 EBIRESR

CI AL H e K R LLAME R RIEHAR, HASMERR A B
o ZHAR AR R, H—TRE SRR RARE, B—HEM A
MR RERMICH, BEABEMER. ENA MTF 525 M2 TR,
TSR FH R VA R £ BE A A3 L bR SRR VE TE LSRN 38 4P T |, 24 3 B804 A kel
WA EE MTF. Ebran ~ E(2.3)F7R.

23 JREH
Figure 2.3 Test target
223 FATHERE
AICEF T CL A IS CFTRE, W FEQ)FTR. iR
TR B AL s L, AR BRSSO & 20— 5K P4 45910
T S S B S A8 I 75 22 0P T RSB BN AT O o K R 40 40 B I 41 S
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FIT R P 20 41 B 3 B s B S A R AL, P48 4141 Sk J5 TR AR TR LT /MR M 28 4
Wi l. BT RERGZIMRIRGED, T2RA0%E, REELTEN; MRS
AFELE a2 HAE S 51 B R824 T MTF B 211 7 BYSE bR AN
A RIEEFR LR R T4 5 N e=40mm Flon=70mm. {738 A f=1778mm,
858 3k SE B £ 25 R I TROK Fe vkt A7 15
fu= L2
Horor Mo 73 A AFERMZ I KN ANEEAR KN e X 7 RUBEAR AT T H W] 45
AR P AR L AN S B BN flen=112mm, 48 T 20 AT 1+ 5 $E AR BT R AR R~
D:
D=2 f.
o 7 BRUSERRAD Y H RUEEARR K/ 58 2.5mm F1 4.4mm. 52 T IR
B 80 TR A S6um MK LN 4. 5mm R ~F 24 .

B 2.4 OHFITHRE

Figure 2.4 Infrared collimator
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K24 DHMFITHRESH

. Table 2.4 Infrared collimator parameter

FIAESH EVeiE]
LRER 254mm
IR KE 1778mm
W3RN 1.6°
WATE 0.4pm~15pm

224 ZHANBEE

KM TiAE HGH W =4 BT &, ZHs =4 Fa R — K ERE
SRS R L =4 G, fE T mE RS, B MK
MIE MRS, Hn DR fuRAE M KB 11; 4Bk P fEaT ik 3
300mm, #HEATFEAIE 70mm, BEREEAMAFEEAIX lum. 0T EQR.5)F7R:
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Figure 2.5 3D displacement platform
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Figure 2.7 Data acquisition system
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Figure 2.8 Agilent power supply
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Figure 2.11 Data acquisition system flow diagram
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Figure 3.1 Stripe noise diagram
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Figure 3.2 Fourier transform function and wavelet function
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Figure 3.4 2D wavelet decomposition diagram
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Figure 3.5 2D fast wavelet inverse transform
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Figure 3.6 2D double density double tree wavelet transform
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Figure 3.7 2D double density double tree complex wavelet transform
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Table 3.1 Distribution parameter values of typical stripe noise wavelet coefficient
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Figure 3.11 Bad pixel detection based on window
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Figure 3.12 Comparison of bad pixel detection
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Table 3.2 Bad pixel detection result
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Figure 3.14 Median filtering denoising
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Figure 3.15 Adaptive median filtering denoising
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Figure 3.19 Hough edge detection result
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Figure 3.23 LSF curve
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Figure 4.3 Square target output
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Figure 4.11 The position ‘3’ of the target relative to the linear device
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Figure 4.15 LSF and MTF curves of slit scanning method
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Figure 5.1 Typical unstable pixel
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