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Axial superresolution in optical coherence tomography (OCT) by a three-zone annular phase
¯lter is demonstrated. In the proposed probe of a spectral domain OCT system, the width of the
central lobe of the axial intensity point spread function is apodized by the ¯lter to be within the
coherence gate determined by the light source, while its sidelobes are lying outside the coherence
gate without contributing to the coherence imaging. By measurement of the depth response of the
OCT system before and after inserting the ¯lter, an improvement of about 20% in axial resolution
is con¯rmed. OCT imaging on biological sample of orange fresh is also conducted, demonstrating
increased depth discrimination without the negative contribution from sidelobes realized by the
phase ¯lter in combination with the coherence gate intrinsic to OCT. It comes to a conclusion
that we can obtain axial superresolution by ¯lter in OCT system without the degrading in°uence
of large sidelobes.
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1. Introduction

Axial resolution, like transverse resolution, is
determined by the numerical aperture (NA) of the
focusing lens in a traditional optical system. Higher
numerical aperture can achieve better axial re-
solution. However, a high-NA focusing lens system
is more expensive. Furthermore, there is a limi-
tation in improving the NA. There are several
methods that can break the di®raction barrier to
achieve smaller focal spot, such as apodization,1

stimulated emission depletion (STED)2 in °uor-
escent microscopy, near-¯eld optical microscopy3

and so on.
The use of a superresolution ¯lter is an e®ective

and convenient approach to reduce the size of a

focal spot.4�6 When a designed pupil ¯lter is applied
to a di®raction-limited lens of modest aperture, it
causes a narrowness of the central lobe of the
intensity point spread function (IPSF). However,
this narrowness is accompanied by a big enlarge-
ment of sidelobes. If such a combination of lens and
pupil ¯lter is used alone, the imaging quality is poor.
The large sidelobes spread all over the ¯eld produ-
cing a background that degrades the image quality,
this leads to a serious hindrance in practical appli-
cation of superresolution in optical imaging sys-
tems. Therefore, pupil ¯lters for superresolution
are usually applied in confocal system,7 in which
the e®ective IPSF is a multiplication of both the
illuminating PSF and the collecting PSF. Such
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multiplication is exploited for reducing sidelobes
when two independent pupil ¯lters are designed
appropriately.

The reduction of the di®raction-limited spot
along the optical axis is known as axial super-
resolution.8 There is a very important merit of OCT
in implementing superresolution as compared with
conventional confocal system and other optical
systems. Intrinsic coherence gate of OCT9 o®ers the
possibility to suppress the axial sidelobes intro-
duced by a superresolving ¯lter. We previously
pointed out that sidelobes arising from super-
resolving ¯lter can be prevented from contributing
to the coherence imaging in OCT.10 By adopting
a pupil ¯lter designed with the central lobe of
the axial IPSF shrinking to be narrower than the
coherence gate and the sidelobes lying outside the
coherence gate, it is feasible to obtain an enhanced
axial resolution without the negative e®ect of
sidelobes.

As a promising biomedical diagnostic tool, OCT
is crying out for high axial resolution. A lot of bio-
medical applications will bene¯t from the improve-
ment of axial resolution of OCT. In the case of
weakly focused condition, the axial resolution in
OCT is mainly determined by the coherence length
of the adopted light source. Therefore, previous
e®orts to enhance axial resolution of OCT focus on
developing broadband light sources, such as Kerr-
lens mode-locked Ti:sapphire laser,11 dual beam
light sources,12 spectral shaped light sources,13

super-continuum generation sources by photonics
crystal ¯ber14 or tapered ¯ber,15 etc. However, such
light sources for practical applications are usually
costly and complexity in implementation, because
limitations exist in ¯nding suitable optical com-
ponents for broadband transmission. Alternatively,
Kulkarni16 proposed an iterative deconvolution
algorithm for enhancing the sharpness of OCT
images, which does not recur to the bandwidth of
light source. But there is no clear criterion for the
image enhancement e®ect, and this kind of algor-
ithm is mainly suitable in applications of bio-
structures containing strong, well separated echoes.

In case of tightly focused condition, the width of
the central lobe of the axial IPSF is comparative to
the width of the coherence gate of OCT. Thus, the
axial discrimination ability of OCT is determined
by the axial IPSF of the probing objective as well as
the bandwidth of the light source. This fact brings
out our new method in this paper to improve the

axial resolution of OCT by optical superresolution
without referring to bandwidth-broadening of light
source or deconvolution algorithms for image
reconstruction. Considering the power attenuation
and the feasibility of fabrication, we propose to
adopt a ¯lter based on phase-only pupil function for
axial superresolution in OCT. In comparison with
conventional amplitude-type ¯lter, a phase-only
¯lter always has better Strehl ratio and can be
fabricated with available di®ractive optics
techniques.

2. Method

Let us consider a general complex pupil function
P ð�Þ ¼ T ð�Þ exp½i’ð�Þ�, where � is the normalized
radial coordinate over the pupil plane, T ð�Þ is the
transmittance function and ’ð�Þ is the phase func-
tion. The expression of point spread function (PSF)
is17

hðv;uÞ ¼ 2

Z 1

0

P ð�ÞJ0ðv�Þ expð�iu�2=2Þ�d�; ð1Þ

where v and u are radial and axial dimensionless
optical coordinates with origin at the geometrical
focus of an optical system, given by v ¼ kr � sin�
and u ¼ kz sin2�. Here r and z are the usual radial
and axial distances, k ¼ 2�=�, sin� is the numerical
aperture of the objective.

The intensity distribution can be expanded in
series near the geometrical focus. The axial and
transverse intensity distributions can be expressed
to the second order as18

Ið0; uÞ ¼ jhð0;uÞj2
¼ jI0j2 � ImðI0I �

1 Þu
� 1

4
½ReðI0I �

2 Þ � jI1j2�u2;

ð2Þ

Iðv; 0Þ ¼ jhðv; 0Þj2 ¼ jI0j2 �
1

2
ReðI0I �

1 Þv2; ð3Þ

where * denotes complex conjugate and In is the
nth moment of the pupil function, de¯ned as

In ¼ 2

Z 1

0

P ð�Þ�2nþ1d�: ð4Þ

An annular phase ¯lter consists of a number of
zones, each one determined by its radius and phase.
We consider binary ¯lters in which the phase
are zero and �, thus the pupil moments become
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real-valued functions and then the general expressions
of Strehl ratio ðSÞ, axial gain ðGAÞ and transverse gain
ðGT Þ are simpli¯ed in this form:

S ¼ I 2
0 ; ð5Þ

GA ¼ 12
I2
I0

� I1
I0

� �
2

� �
; ð6Þ

GT ¼ 2
I1
I0

: ð7Þ

We introduce a three-zone binary phase ¯lter
whose pupil function is de¯ned as

P ð�Þ ¼
expði’1Þ ¼ 1 0 � � � a
expði’2Þ ¼ �1 a < � � b
expði’3Þ ¼ 1 b < � � 1

8<
: ; ð8Þ

where a and b are the normalized inner and outer
radius of the middle-zone of the pupil. To keep the
transverse resolution unchanged, i.e., GT ¼ 1, an
additional constraint a2 ¼ 1� b2 is added to let the
area of inner-zone and outer-zone to be equal.

Figure 1 shows the axial intensity distribution
without ¯lter and with ¯lter corresponding to

di®erent a. After considering the axial gain and
Strehl ratio, we choose a ¼ 0:577, thus we get
b ¼ 0:816, GA ¼ 2:78, S ¼ 0:11.

For a light source with a Gaussian spectrum
distribution, its autocorrelation function is given by

�ðzÞ ¼ exp � �� � � � z
�2

ffiffiffiffiffiffiffiffi
ln 2

p
� �

2
� �

; ð9Þ

where � is the center wavelength of the light source,
�� is the bandwidth of the light source, and z is the
axial depth mismatch, to be half of the path
di®erence. The corresponding width of coherence
gate is then determined by

�LC ¼ 2 ln 2

�

�2

��
: ð10Þ

A schematic of an established spectral domain
OCT system devoted for axial superresolution by
phase ¯lter is illustrated in Fig. 2. The light source
is a broadband superluminescent diode with
FWHM (Full width at half maximum) bandwidth
of 45 nm centered at 835 nm, corresponding to a
coherence length of 6.8�m. Maximum output power
of the source is 12mW. The light is coupled into the

(a)

(b)

Fig. 1. Axial intensity distributions near the focus with and without the phase ¯lter (a) and their normalizations (b).
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¯ber-based Michelson interferometer via an optical
isolator. The reference light is delivered into a
stationary mirror. The sample light passes through
the designed phase ¯lter before focused onto the
sample by a focusing lens (NA¼ 0.38). The sample
is placed on a two-dimensional translation stage,
which is controlled by a step motor for transverse
scanning. The re°ected and backscattered light
from the sample travels back along the same path
and interferes with the reference light coming back
from the reference arm at the ¯ber coupler, and the
output interference signal is routed into a custom-
built spectrometer for detection. The spectrometer
consists of a 60mm focal length achromatic colli-
mating lens, a 1200 lines/mm transmission grating
and a 150mm focal length achromatic lens that
images the spectral interference onto a line-scan

CCD camera. The camera has 2048 pixels, with
each pixel at 14�m by 14�m in size and 12-bit in
digital depth, with a maximum line scan rate of
29KHz. The spectral data are transferred to a
computer via a high-speed frame grabber board for
data processing. The spectrometer has a designed
spectral resolution of 0.067 nm, yielding an axial
imaging range of 2.56mm in air on each side of zero
delay. The signal sensitivity measured near zero
optical path di®erence is 108 dB with a 16 dB fallo®
over 2mm depth range. The polarization controllers
are used to optimize the spectral interference fringe
contrast at the detector.

Due to confocal characteristics intrinsic to a
¯ber-based OCT system, the e®ective axial PSF in
the sample arm should be the multiplication of the
illuminating axial PSF ðhinÞ and the collecting axial

Fig. 2. Spectral domain OCT system for axial superresolution by phase ¯lter, SLD: superluminescent diode, OI: optical isolator,
FC: ¯ber coupler, PC: polarization controller, NDF: neutral density ¯lter, DG: di®raction grating.

Fig. 3. Theoretical normalized axial IPSF and depth response with and without the phase ¯lter. The solid line represents the signal
envelope of the autocorrelation function of the light source, i.e., the coherence gate of OCT.
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PSF ðhoutÞ, i.e., heff ¼ hin � hout. This follows the
axial IPSF to be IA ¼ jheff j2 ¼ jhinj2 � jhoutj2. Here,
the illuminating axial PSF and the collecting axial
PSF are the same.

The depth response function determined by both
axial IPSF and coherence gate of OCT is then
given by

Iresponse ¼ IA � �ðzÞ: ð11Þ

The feasibility of the three-zone phase ¯lter for
enhancement of axial resolution in OCT is theoreti-
cally analyzed and depicted in Fig. 3.We see that the
FWHM of the axial IPSF corresponding to Airy
pattern is comparative to the FWHM of the coher-
ence gate of OCT. After inserting the phase ¯lter in
the sample arm, a great shrinkage of the central lobe
of axial IPSF is achieved. The narrowness of the
central lobe introduces undesirable high level side-
lobes, which usually degrades image quality in a
conventional optical system. However since the ¯rst
zero of the apodized axial IPSF is falling within the
coherence gate intrinsic to the OCT system, these
severe sidelobes are suppressed e®ectively, without
any contribution to the coherence imaging. In this
case the axial resolution of OCT is determined by the
axial focusing geometry of the probing beam as well
as the coherence gate, that is, the depth response.
Therefore, by adopting the phase ¯lter designed with
shrunk central lobe and sidelobes lying outside the
coherence gate, it is feasible to realize an enhanced
axial resolution while the negative e®ect of sidelobes

is greatly suppressed. The curve of depth response
with ¯lter shows the suppression e®ect of sidelobes
by the coherence gate. The FWHM of depth re-
sponses with and without ¯lter are calculated to be
2.61 and 3.91�m, respectively.

3. Experiment

The designed phase-only ¯lter is fabricated and
then adopted in the sample arm of the established
¯ber-based spectral domain OCT system. A re°ec-
tive mirror with re°ectivity higher than 95% is
taken as the sample to measure the axial IPSF
and depth responses with and without the ¯lter.
The measured depth response with and without the
three-zone phase ¯lter are shown in Fig. 4. The
depth response curves are derived from the demo-
dulation of detected interference signal, which are
the combined outcome of the axial IPSF of the
objective for probing the sample and the coherence
gate intrinsic to the OCT. The experimental curves
measured are generally in agreement with the
theoretical results. We can see the depth response is
shrunk due to the implemented phase ¯lter in the
OCT system. The FWHM of depth response with
and without ¯lter are respectively 4.09 and 5.21�m,
realizing an improvement of 21% in axial resolution,
while the theoretical enhancement is calculated to
be 33%. The curves measured are not in perfect
accordance with theoretical ones. Such dis-
crepancies between theoretical analyses and the

Fig. 4. Measured depth response with and without the phase ¯lter.

Axial Superresolution by Phase Filter in Optical Coherence Tomography

1250022-5

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
2.

05
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/2
4/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



experimental results might be contributed by sev-
eral factors, including the deviation of the light
source spectrum from Gaussian distribution, non-
uniformity in illumination upon the ¯lter, inaccur-
ate alignment of the pupil ¯lter, wavelength
dependent phase errors in ¯lter design and dis-
persion mismatch between interference beams in
OCT system.

To study the feasibility of achieving axial super-
resolution by the proposed method for biological
sample, OCT imaging of orange fresh are conducted.
As demonstrated in Fig. 5, cross-sectional image
of the orange fresh is shown in Fig. 5(a), where a
horizontal line indicates the focusing depth corre-
sponding to z ¼ 0:5mm of the objective. Enface
images corresponding to focusing position around
z ¼ 0:5mm achieved without and with the phase
¯lter are shown in Figs. 5(b) and 5(c), respectively.
We see that some horizontal lines evident in
Fig. 5(b) are disappeared in Fig. 5(c), due to the
increased depth discrimination realized by the
phase ¯lter adopted in the OCT system. Further-
more, artifacts due to sidelobes introduced by the
phase ¯lter are no observed in Fig. 5(c), demon-
strating that the coherent gate intrinsic to OCT
could be useful in suppressing the negative contri-
bution of the apodization phase ¯lter. We also
notice that light power attenuation induced by the
phase ¯lter is evident in Fig. 5(c) in comparison
with Fig. 5(b). The loss of power due to the phase
¯lter is estimated to be around 9.5 dB. However,
such attenuation is not a serious problem since
OCT adopts heterodyne detection and logarithmic

mapping of detected signal. One thing should be
mentioned is the negative e®ect of the sidelobes
caused by phase ¯lter on lateral resolution.

4. Conclusion

By adopting a three-zone phase ¯lter in front of the
focusing lens of the sample arm, we demonstrate
theoretical and experimental evidence for an e®ec-
tive increase of about 20% in axial resolution of
OCT under tightly focusing condition. In the pro-
posed probe of the spectral domain OCT system,
the width of the central lobe of the axial IPSF is
narrowed within the coherence length of the light
source, while its sidelobes are lying outside without
contributing to coherence imaging. The designed
phase-only ¯lter has realized the purpose of axial
resolution enhancement, but discrepancy exists
between theoretical and experimental results due to
several factors. Further works are required to
eliminate these in°uences and designing other pupil
¯lter appropriated for axial superresolution. The
proposed method to enhance the axial resolution of
OCT by combining coherence gate with optical
superresolution is economical and convenient in
instrumentation.
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(a)

(b) (c)

Fig. 5. OCT images of orange fresh, (a) cross-sectional image which indicates the depth of enface image, (b) enface image without
¯lter corresponding to z ¼ 0:5mm, (c) enface image with the phase ¯lter corresponding to z ¼ 0:5mm.
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