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Fig. 1. (color online) Ray structure: (a) ma = 0.3; (b) ma = —0.3.
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Fig. 2. (color online) Ray structure: (a) ag = 0.0084; (b) ag = —0.0056.

TR BUE , RS E KT,
3 ¥ B A T RV s 37 SR KPR R/ BB S R A
YE. 2 T IR, AR ERTROLT, A
PR R TBCEL DT T LR R IR B RS A
Lo B AR BURE.

2.2 R ERESH

FEM LA R G L kR AR Ol I bR 2310
1 LI AR e (AT 77 ) (S0 b BLS 3R B @, an 1Y
fEA B MESR AR, BB a1 4+ ap > 0.

h(u, )
- ;‘ /_11 exp {j [a1(x +my)?

2

(5)
K P RS AH 22 IS 330 ) A B2 4t R G B0 8 1
% o(z) = az® + ba? + cx + d, HHF

+ as(z + m2)® + Y2 — 2nuz] }dx

a = aq + ag, (6a)
b= 3(cumi + aoama) + 1, (6b)
¢ = 3(aym? + agm3) — 2mu, (6¢)
d = a;m} + agms. (6d)

MR AR R AR I SR IR AR AL, A LK SRR [5] Az A
FaAHVE 7T MTF, BUBF (5) SAETE P AN

—2b + V4b% — 12ac

Tg1 = 6a (7&)
—2b — V/4b? — 12ac
T2 = 6a . (7b>

PAREAH RUAL AR G 25 2R 93 30 h

21 . i
S(rs1) = \/ m exp(jsgn(¢” (zs1)))

exp(ip(za)), (a)
S(asa) = |@2(Z>| exp(jsgn(e” (z:2))
exp(ip(ze2)- (D)

ffu < v < un Z B AWM S, 7
Um < u < uy NAFTE—ADFAH 55, FoAth X 0E N
E, WA BRECA W AR

0, u < u,
1
) 1S (2s1) + S(x52)|27 U < UK Un,
h(u,v) = 1
ils(‘rSI)'Q: um<u<uu;
0, U > Uy.
9)
/\EF"
2 2 2
= 3(aimi + asm3) bf) (10a)
27 6Ta
2 N [
w = 3(aymi + agm3) — (—3a + 2[))’ (10b)
21
v — 3(arm? + agm3) — (—3a — 2b). (10¢)
21
B A H |‘_|“ A ~T ok
e B AT Ry BRI RSN
2
ey Ba 27 (11a)

6Ta

IR 5 € LRt RGE AT AR PRATZ feupore, W
CIRCIE N G NG

~ (3a+2b)?

= . 11b
3'nafcutoff ( )

224207-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 22 (2015) 224207

(a)

0.5

— =0

0.4 ¥ =2n
% 03
Z 0.
0.2

0.1
L .
0 20 40 60 80 100 120 140

Reduced spatial coordinate

3 (MTIRG) MRS H—E, BRI EEE T —4 iR

(b) a1 =90, g = 60, m1 = 0.4, ma = —0.3

(b)
0.5
$h=0
—— Y =2mn

0.4
&
n 0.3
a9}

0.2}

0.1

0 1 yuy L1 A R A -
0 20 40 60 80 100

Reduced spatial coordinate

(a) a1 =90, ag = 60, m1 = 0.4, ma = 0.3;

Fig. 3. (color online) One dimensional point spread function with defined figures in different defocus values:
(a) a1 =90, az = 60, m1 = 0.4, ma = 0.3; (b) a1 =90, az = 60, m1 = 0.4, mp = —0.3.
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Abstract

Wavefront coding technique is a powerful technique which overcomes the defects of traditional way to extend depth
of field. By inserting a phase mask into the traditional incoherent imaging system, wavefront coding technique does not
reduce the resolution and the light gathering power of the optical system but enlarges the depth of field of incoherent
imaging system. Although several kinds of phase masks have been reported, cubic phase mask is still of a classical type
which has been investigated widely both in spatial and frequency domain. Since the phase profiles of phase masks adopted
in classical wavefront coding systems are predefined with specific optical systems, the extension of depth of field is not
tunable. Tunable wavefront coding systems are introduced by using a pair of detachable phase masks, which is possible
to control the depth of field and bandwidth of system by changing the position of each component with respect to the
pupil center. Ojeda-Castaiieda [Ojeda-Castafieda J, Rodriguez M, Naranjo R 2010 Proceedings of Progress in Electronics
Research Symposium, Cambridge, July 5-8, 2010 p531] proposed to use a pair of cosine phase masks to make defocus
sensitivity tunable. Zhao [Zhao H, Wei J X 2014 Opt. Commun. 326 35| investigated an improved version of Ojeda-
Castaneda’s design in frequency domain and found that the proposed system realized tunable bandwidth. The present
study, based on the work of Zhao, analyzes the tunable characteristics of a pair of simple modified detachable cubic
phase masks in spatial domain and frequency domain. Firstly, the ray aberration theory is adopted to give mathematical
analyses and ray aberration maps of the proposed tunable phase mask. Based on the mathematical derivations, the size
of point spread function (PSF) of system can be changed not only by profile of each cubic mask but also by the each mask
displacement relative to pupil center. Secondly, a mathematical PSF based on the stationary phase method is derived
in spatial domain. Simulations indicate that the positions of PSF translate in the image plane with the displacements of
phase mask profile and the position of each component with respect to the pupil center. By analyzing the oscillations of
PSF, the effective bandwidth is obtained. Through the expression, we can conclude that the effective bandwidth can be
changed by the position, mask profile of each component and defocus. Only when the addition of two mask profiles is
large enough, can the effective bandwidth be simplified without adding the influence of defocus. In addition, though the
approximate expression of magnitude transfer of function (MTF) has been given by adopting stationary phase method in
the appendix of previous work, it cannot give an intuitive grasp of the effective bandwidth in MTF map. Unlike the MTF
expression derived before, the exact optical transfer function (OTF) expression is derived by adopting Fresnel integral in
frequency domain. Exact MTF and phase transfer function (PTF) can be derived from OTF. Based on the exact MTF
expression, simulations give an intuitive effective bandwidth in MTF map. Simulations also show the nonlinear property
of PTF. The effective bandwidth and MTF can be changed by different phase mask profiles and positions, which indicate
that the effective bandwidth and defocus sensitivity can be tuned. Analyses are conducted both in spatial domain and
in frequency domain to verify the tunable property of the proposed phase mask, which provides theoretical foundation
for tunable wavefront coding system design.
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