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Structural morphology measurement based on
lens—less Fourier transform digital holography
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Abstract: In order to accurately measure the morphology information of objects, an imaging system based on lensless Fourier
transform digital holography is proposed. Firstly, the imaging principle of lensless Fourier transform digital holography was ana-
lyzed, and a tilt plane correction method was introduced. Then, an imaging system platform was built and the imaging perfor-
mance of the system was verified through experiments. The experimental results show that the actual resolution of the system is
57.02 lp/mm. The relative error of the measurement results is only 3.95%, fully verifying the excellent imaging performance of
the system.

Key words: digital holography, profile measurement, phase contrast imaging, reflective imaging, lensless Fourier transform

imaging

035l5

By & BIRBE AN g —Fp ot JehRic A+
WARTT I, RERE) PRI R il B JE SR T 3 R 0y
Aii, FRTFEA D) AR ST OR3P R G5 G I 45 4k 75
B TIRARL 1 ARG AR RGN L KA R AL

Kris B H#A.2024-04-15,

EE&TH . HKARFEEETH (5217555) %8B ; 1L 7544 St 55
X% BT H (202203021222336) %% Bl ; LLPE 45 1 S22 S A v B3 T
Tiiws H (J20231863) 578,

YEE T I IR IAE (1988—) , &, A PRl 2 A=

B BUR RR 2% UG R 2% i b A 45 4k

WRFIE T A, ALHEAR TR R R FE S AR 2% B il
YRR R 2% I WA R BFTT | DL S A TC .
R A= Bs s FORLRAE T N BT, FHET 2 C/
WAEHRIH 25T ZWERHEIH ,

Yt 5S35 LZ AR ARE AT LR R GE 4073 4 7]
WA B RS B 2 BE REEPTR
ESINIEE 3 g SN STk L IR/ B i e e
% G AL AT B R0 HR SRR AR T A
A RT3 FLIBR UG AL HRAG Iifs i AR 3 52 5
AR LA, S T B
STV S22 I i s i n ey 4 B SR 7 il
TP DR PAR R 2 R B PR AL (H X5
AR R T AL g RT Jl ik SR 43 SR R
23 (B I a ARG B 7 2T LAY R o HR B X B
EX R R G ESH AR NS 28 R T 5
-4 785K (Mach—Zehnder ) 3018 5L /R #b (Michelson) T
oL R e At R 7 5 NI A e d S (WS U
rh i R S R o A BT 2 T RS 4 R
KGR P51, RERS AT R I F I R th 88 007 A 122
2024 4F5 5 1 RAIE M O




AN

SRIHE , BRI SRS, T 03 B (0 L R R 4 B S5 AR TR A0 D i

AR, AT 2 SR T B RGBS T T
JAE I YIOE 520600 IO R S5 D se iRk T
B il RO 52 BRA ) T B A S B SE IR SR T T
Bk, E TR R A R T 2 R AR D R — R
s T 2 R TR S R o AT 3 D e B AR AT B B
BEIPERA T, B, Joe R IR B kb
JETE LS. BaDRE R AR UL YR R BRT AR B
SR, X 2 PP BRI B 20 0 B AR et A |
e A Bly 11 2R A SR R B e 1 1) P B | X — i
FEAEIE SRS R B 5 T AR ANIE =2, BT[]
b S ARV B B R A R R G, B AR
B 4 BOAR T7 E R BRI 225 305 WD e i
S 111 i 0 Wa S b A L AL L S G e od
B, %4 BIEASORMER B T 90063 i =S (8] 3t 5
B AL TSR —— IR I T
B, AR SR AR A 2 B AT — U I b B
BV R e A0k S S AR ) i R A S B T B AR Y
(EE RSN  CURESY i wriy (G LU e S S e S
71 PUHGE 5 S A5 sh 2 AR 852
TUMIESN & A=y Kot B B A5 -1 H
BT, MG HR A Kb 28 W 58 M5 AN I B L
TF T RARIHIHF I,

AR SCAR Y — T ) i T TG 3 o e L I 4
RN E RS TUEYEMIES . REFRHKR
ST B A BRI 286, AR 451, B4
B8 )5 ik R W SO AT S i R A5 5 A H AR
TETEZE BT

1 ERRE
1.1 TEREEMHTHEF 2 BRI RNBN

TG 375 5 8 L LS B 4 LA R G sk S B
e 1 s, Hp  Xo—yo Al X—yﬁ%“@ﬁ%%ﬁ*ﬂ

Yo y

A A

vd pd

Q\/x“ / X
:: ’3\%(%0 %S— ion > -
—> () %%
— A

L v

) - ]

< Zo >

- d U iwxRF@ H

B 1 ZEREEHTHREFEERERFERREE

@ NABIEHH 2024 445 5 W

TP I AAR 2R P 2 07 [0l IR WA 1
B B A e B UR RGES T R AR
275 G0 IR (x,, 0) AR FFTE [R]— -1,

POCAED IR IR RN O (xo,30 )0 R
AR BT S A 3 FEBF AT LR AF T, 20 3 A
AT BRIE AP TP B IRIE M O(x, y) AT
LAt &

O(x,y) <exp

Jz.kz(xz""}’z)} ﬂ 0, (x5, 5, )%

%[(X_X())Z"'(Y_YO ) | }dxodyo o

'k 2 2 ’
2 | F 0,0

exp

Oo(Xo ,Y()>:O()(Xo » Yo )exp

Hop | b - | ORI R OB 57 2 YR I T
FRE RS R k=2m/ A A K ISP EOLE IR

k 2 2
%70()(0"')%)

I R(x, y) BIE AR (x,,0) , R(x, y) OGS H
R(x,y)=exp %(XZ_,_;) exp J}(XX,) (2)

LB EIE  EY (We s Y11 ) e SR g SN
e B A 5 AT AR

I(x,y)=| 0+R |'=| 0 |’+|R |"+O R+OR (3)
Horp o+ FORIEHE, /T 2 WS TER R IR
555 DU 43 S0 T HAR A a5 o i, A
TSI 1) 7 T LA A AR AR B T4

K (3) I 4 TR JFEIRE BT LARR N

0(x,»)R (x,y)<exp ‘%(XX')}F{O;(XO,%)} (4)

T SRNE O(x |y )i H

0, (< ¥)=F " [0(x, R (x,y)]

JZ'I;—O(X’_X,_W (5)

o« 0,(x'-x,,y )exp

Holr Yy RGP TR, F [ - | FoR s,

e B EEE R B TR T AR A
fF(ceD), ic s P 1 (CCD V-1 ) 5 5 #HR - i =Z [A] 1Y
GER SRR R IKEIT | Ax=Az/( MAX) ;
BEH I L, Ay =An/(NAy) . HH (Ax, Ay) FI(AX,
Ay )3 IR A0 S - i A Ei 4T T ) AT A B
R ZESE, MO N U3 517 2K S 0% B 1) L £
BENH

PRI FNI A o(x',y )RR




AN

Re[ O(x',y") ]| (6)
Im[ O(x',y") ]

Hol Re il I SMIFR LSRR, 5E5(6)
DS BB [, | HORIRE XTI T
AL 3 AL 25 35 5 5 T L7851 0
LSRG, X TIPS MRS Y R
RIETEEL By ) Z IR K
h(x'y)=#EYOL ©

1.2 ERTFEERGHIRET X

TEARZ ST A UG R G, J T A HE T A
M2 ASSCHR ) B AT B
R 4 RIS R GER BRI T 0 454, Hid
SRIFERINE 2 fizs, P USSP ISR o f, X
IF AP AR TR A L FRDE BRI , Ptk
HREET RSS2 A 7RI A o, FRRC IR
RHECFIE U (x',y' 7 )T BEHER o A REMATRIRL IE IS
G U (XY, 7). IERSRES R 2 4 S —4 &
TR A R AT L AR FEELHPAT FE - F iy
BV U B0 (F, £)=8[ U (X' .y )}, (£, £)FI (£, £:) 53
TN TE R AU AR B 2 2 | PRSI ARHE
Vi UTRSE y R o AR BB U,
L, RS U UK 2 AV AR RIS AR
PR M 95 B A5 A B e ) 2 BV T 4528 1 o ) P
1BoFi

¢(x',y' )=arctan

<
-
<

y
4

” ] " X / .

| I/»(x,.,O x’ _

L L > .
o {

|

|

-7 ) /
— REERTE U
— ES /
l— z; —p

MREHETF & U’ Rk F@ H

B2 RHXTEREEMTHREFLENGRGICRFEER

FAAOEBF I U5 RAE SR U R bR
RS PNV SER (T A

t, cosae 0 sina £,
folf 0 1 0 f, (8)
f, —-sinae 0 cosa f,

SRIHE , BRI, SKREs , T J0 B (0 L R e A 4 B S5 AR AR DN

Hor (f,, £) FRIE RGP AU AR & R (8)
JEIF AT LAIAS 2]

f.=&(1,,1,)=f cosa+fsina

=)=,

st g 0 =0

TEATAR 23 (A AR AR AR 4 f R R AR 4 3701
P | R e B <P e, AR O3 T G 5 16 AR 80 G
F dfdf= I 0) | dfdf, b g(f, ) RS AT
7,

9

9& 9
of,  af, f,
‘J(fx,li) ‘: " |=cosatsina—- (10)
an £
of,  of,

B IE 5 R PR S AR B4 A5 3R
U )= | O TEE ) () 1

expj2m(fx'+6,y") | |J(£,, 1) |df.df, (11)

e S S TR e o SN P = I S i g 1]

i eE s G N e S A [ I U DR Wi = WA

LI S ARAE RS A T AR AT RS S | L

YA T BRI T Y SRAT: 8] B 5 20

JEARZE AX'SA/ (2cosa)™ | Hid AR IE KRG F- I
TR RENE, 5 AXHHAE,

2 LWRKE

ARG RAE BN B MY A 3 fios, %%
B He-Ne BOERS (A=532 nm, LR R R | iy 2%
0.8 mW) , OGN A CIRZE SR B R
BEIATY SR 1% B R R (40, B LA
(NA)=0.65) FITEAEA 10 wm AIETFLALIL  SRIF R4
i Li(£=100 mm, d=10 em)XF HAEATHE L, 28 AMFEAT6
W, MR, e 50:50 ST A5 A (Thorlabs
BS016, I IR, BN 20 mmx20 mmx20 mm) 53 Bif%
Fr A B IR 2 RGeS R A
FHEBH SRR S 5 T W IAR(E B AR, i —
FE T AR e B AR A 1Y 1 4% (££101.6 mm ) R HF AR
HERE SN, ARG 3.8° MR ET
s A Sl N N Gk LY N S O o2 ST S
Z5ERI S R0 TR B BRI 2% A BB R — 3, X
W& TCE B (i H AR g7 4 B e SRS I — > B 3
Sl A PR SRR SR AERINAS (ceD 12
2024 5 W RABIEHAF 03




AN

SRIHE , B, iKitEs . T 0 B fd ML AR i A 4 B I 5 A T SR 1

P
| )
#oEE  TREE @ vy w4
o SRE 7
Ty =)
h 4
—

(a) REEH R

BMAEES320m Y REE B4 P S RAEBS W@k

=1

(b) %%;&%@
E3 TEREEMNTHREFTEERG RN EE

FHCN2 704x2 704,48 TC RS :3.96 wm) 1AL T35
I A TCs Bl L s 4 LA

3 XWHERSTEITIE

FTRAE R G AR AR, B EX USAF1951
A3 HEAR MR AR A TS50 R A 2R 48 10 A% S e
i%ﬁ%%éﬁ@@@qw%ﬁo@4@ﬂaﬁ@ﬁ
TEHE R BEPETT 3 25 20t B B X3k, sl R e vl
PAE T 5804 HLBEAR 3 (L T T v 48
FFHLEE N 0.65) , BEAN  F00 25 L T 1) FR o (56 45 T 4
PERTSZ BT N T HIF XA | AR SCR A Tukey
PRECSBCE 4 BRI, ZeREUTE R R 2 R
ATk AL BR0o (IR PR AR o 2 T %) 5 S S
BSR4 2 R RS 4
SIS ATE BRI — 5 ASCE A R R e T
EYEE L SC P W AR FA R 130, Bl
APE R E B A TR IE B 4(b) il 4ty
KRBT LI | St 5 E b B R e HE v i)
RN BIRNTEMT Sl adE 4(c) T B AT R B AT LI
W 2 MOE RS Lk 2 AN HER A5 BRI,
Eﬁﬁﬁ%%%%@ﬁﬁgﬁﬂﬁ@ﬁmﬁ@$m%
ST BB A AR, W HER IR IZ R G RIS M

(b)

3=

=Wl :

=|I
SEHI

(a) ALK

e -';,',
i ... =
]
il

2 P B AR 4 AT B0 1) TR 5 1) 22 8

% E/au
T -
ll w
| S0 40 60

' ' l 4% & /um
(o) L3R P IIAL IE Rk G i T a5 4L

B 4 SPRBHEEERE

O) RBIZH A 2024 F4 5 1)



AN

AGENEE LS TCR | ZIR K TE N 877 pm, £
ARG HERIAE] 5702 Ip/mm, BEA RS S TR EE
B d N 112 mm, 22T Ad/ MAx THEAS I ELS / HER
8K 5.56 wm X —FEHEJCHGE AR IR S RS 5 BUE
W F8 I TR GEAE USRS BERE T L ) s

R T YRAIE FR G RR S A5 R SR I A s AR
SCHEHR T Bt AT DO S 1) 4 b B T A Sy 552
YRERh . FESSEMIANE 5(a) TR 21665 HE A G BE A
SR, SR BN 5(b) iR, SRR IE

(a) B (b) idRH 2L

0.5

0
A

/a.u.

. [
2 300F,
w200}
1008/
-8 07200 400 600 800
ZRJE Jrad 1% & /um

() RS BYE L AHIALFA A ]S A 53 77 h 28 1]

J& . /mm
1.6

(o) FHAL AT H) = 2h 7

E 5 EMHEHRNESLELER

SRIEAE , B, s .

T T B LA BT 4 5 F T e it
— YR el EEL A4 1 R W S0 A AL 5 (e) B
A B +1 G e B 4 R IR AT LA H k%)
TRk pp” IR FE AR AR H I T AESE g R Y
SEM IR B EIC G, BERYIATFRISMO SR —K
ARG RN R E G X 2 k4 8 E 55k
A AR TR A4 AR 7 PRI A 38| JTH 45 SRAH, Tt
RERAAAL & AR S AR I ] 5(d) AT iR
/N T e ) B BA R B G R T A B AR A
SR ARG H SRR A AR A i 2k, B rh
FERRER FE T S5 415.8 wm, 11 52 Byl 4 A 13 2%
I TEHR 400 wm, BHIIEAS H AR 2E R 3.95%,
El 5(e) AN B = 4E R ] o] LUTE 2 bR
BEFR IR Y ARPEARA 25 SRR I 2R B 1Y
KR h=A@\/ (4), AT LATTE HRE i 10 20 Bl TR B Sk
375 wm, BEJ , o PSSR X b AR Rk DXk
FIZI R BE AT 1RSI & | SEBRINAS R EEA 400 wm,
PG A 5 BRI e (2 [ A AR X IR 25 R 6.25 %,

4 ZERIE

SR T —Fh L T R BE A S 52X e i e e
AR A BUR RS, A RS EE A A
M, AT X 4 5 I T B Sy AR g | AT 2
T T R B AT S TR AR SR ACE T
BEAETERIMARI AR B A RG0R L TS AL AR AR 6 (1)
JT IR TEATURH MG 1o _E RS R 9 B iR,
Xt 2 AR AIRE S A RARSESG , BISIE T AR RGEA L
PERIRTAEME . 4B 7658 AN AR Y 2 R
EHRMEAAAE— B (ARG Re s # R A
SCHE MR R RGAEM BERAE | PRS2 To s U 45
2GR R RN AT, ISR A
U A 2 L AR A S G U T

S K.

[1] SCHNARS U, JUEPTNER W. Digital holography: digital hologram re-
cording, numerical reconstruction, and related techniques [M]. Springer Ber
lin, Heidelberg, 2005.

[2] &5 K, FALM, IR0, 55, B T A AR AL AR Y 1 40 2454
FHIESEWFTT]. T ESOE, 2024, 51(3)  84-92.

[3] GROOT P, DECK L, SU R, et al. Contributions of holography to the ad-
vancement of interferometric measurements of surface topography[J]. Ligh-
t: Advanced Manufacturing, 2022, 3(2): 258-277.

(4] JRISCHE 2R WRAREIL, 45, BE I SO A 1 B 2 BRI 5 43 B7
(7). HE#OE, 2023, 50(19) : 157-167.

[5] X3, £, TAEE, 55, Gabor [MAMA T & ML HE IS A 3h %K

2024 55 5 11

RABEHSF D



AN

SRIHE , BRI, SRS, T 0 B (0 L R R 4 B S5 AL T 5 DU £

J). PEEOE 2014 41(9).236-244.
[ ] tFﬁ BT ERE A, SET W B SR b 2 I 4 1) 1 2 b 2% 10
Rl 2 SRR 0], BOL St 724, 2023,60(18) :28-36.
[71 DAYONG W, YAYA Z, LU R, et al. Continuous-wave terahertz self-
referencing digital holography based on Fresnel's mirrors[J]. Optics Letter,
2020, 45(4): 913-916.
[8] B3 R R, Eor 5 ST 0 B e i3t is s i #7428
BAARBISEI]. P EBOE, 2022,49(13) ; 113-121.
9] TKIEFy MG IRBL, 4. WS R 2 B4R
##%,2021,50(7).9-31.
[10] WAGNER C, SEEBACHER S, OSTEN W, et al. Digital recording and
numerical reconstruction of lensless fourier holograms in optical metrology
[J]. Applied Optics, 1999, 38(22): 4812-4820.
(1] Ezr, ER5, B, % TR 20 BRI oGt =
AERIERIN[I]. Y6274, 2011,31(4) . 117-122.
[12] ANAND A, FARIDIAN A, CHHANIWAL V, et al. Single beam Four-

(RO [0]. 6T

ier transform digital holographic quantitative phase microscopy[J]. Applied
Physics Letter, 2014, 104: 103705-1-103705-5.

[13] AGARWAL S, KUMAR V, SHAKHER C, Temperature measurement
of wick stabilized micro diffusion flame under the influence of magnetic

field using digital holographic interferometry, optics and lasers in engineer-

ing[J]. 2018, 102: 161-169.

[14] YAYA Z, JIE Z, DAYONG W, et al. Lensless Fourier-transform tera-
hertz digital holography for real-time full-field phase imaging[J]. Photonics
Research, 2022, 10(2): 323-331.

[15] MALM E, MONSERUD N, BROWN C, et al. Tabletop single-shotex-
treme ultraviolet Fourier transform holography of an extended object [J].
Optics Express, 2013, 21(8): 9959-9966.

[16] MATSUSHIMA K. Formulation of the rotational transformation of
wave fields and their application to digital holography[J]. Applied. Optics.
2008,47(19): D110-D116.

[17] MATSUSHIMA K, SCHIMMEL H, WYROWSKI F. Fast calculation
method for optical diffraction on tilted planes by use of the angular spec-
trum of plane waves[J]. Journal of the Optical Society of America A, 2003,
20: 1755-1762.

[18] KIM Y, KIM G H, RY U, et al. Exact light propagation between rotat-
ed planes using non-uniform sampling and angular spectrum method [J].
Optics Communication, 2015, 344: 1-6.

[19] TRAEE X AR 5, 5. Tukey % PREIUH T 8054 818 1 D) LA
FE). T4 ,2007,36(12) :2256-2260.
[20] ERME L, BEML, et 45 A i fe /N
BOt,2012,39(2) . 189-193.

ZIRAR R AR ], R

00 NABIEHF 2024 445 5 W



