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An approach to improve the image quality by aperture synthesis in generalized phase-shifting interferometry is
proposed. The aperture of the holographic system is enlarged by increasing the recording area to receive a more
diffusive spectrum by moving a singular CCD. The sub-object wave fronts are combined with the index of their
intensities. This method can avoid the negative effect of environmental disturbance and improve the synthesis
efficiency by hundreds of times. The optical experiments have shown that it is simple and robust to stitch the
complex object wave front accurately and to improve the imaging quality greatly, especially for the recording of

large scale objects.

PACS: 42.40.Kw, 42.30.Wb, 42.30.Va, 42.30.Rx

Digital holography has!' =" been widely applied
in various fields of science and engineering since it
provides an effective way for wave-front measure-
ment. An off-axis digital holography setup with both
the transmission and reflection working modes was
demonstrated!”! to achieve the convenience in record-
ing. A portable holographic device working in both
in-line transmission and off-axis reflection modes was
introduced.l’) This convenient setup and high im-
age quality predicts further brilliant application. To
remove the disturbance of a twin image and zero
term in in-line holography, phase-shifting interferom-
etry (PSI) technology was introduced by Yamaguchi
and Zhang.[] However, due to some practical fac-
tors such as environmental disturbance and limited
precision of the phase shifter in recording,phase shift
errors exist in the recording process, which in turn
induce errors in object wave reconstruction. Corre-
sponding error analysis and correction methods have
been proposed to improve the quality of the recon-
structed image and most of them are effective in cer-
tain circumstances.[®”! Some phase-shift retrieval al-
gorithms have also been developed to decrease the
effects of phase shift errors.'"'?l To achieve the
convenience and high precision in PSIs, generalized
phase-shifting interferometries (GPSIs) were proposed
and the two-step models were studied by Cai et
all'311 We have also introduced several two-step
GPSI methods!"” %] to improve the precision of ex-
tracted phase shift and the quality of the recon-
structed image.

Another challenging problem is the limited record-
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ing size on the CCD chip, which is difficult to im-
prove by current technology. To overcome such obsta-
cles and to enlarge the recording area to collect more
information, some researchers!'”) have employed two
CCDs. However, the lower spatial frequency compo-
nents between the two CCDs can not be used and it is
also difficult to install two cameras on the same plane
without knowing the specific locations of their chips.
Others have suggested recording multiple sets of sub-
frames and then combining them with the correlation
method in digital holography or a standard PSI with
fixed steps.?’~?] In real practice, however, there are
many environmental factors we can not control ex-
actly, and the interference fringe changes more or less
at different recording times so that those sub-frames
can not form a perfect interference pattern. Mostly
those sub-frames are not from the same interference
pattern, since the fringe changes at different times.
The variations of fringe patterns in sub-frames often
make them with small correlation values and there-
fore incur the failure of aperture synthesis. To solve
this problem in PSIs, Li et al. recorded 400 frames to
find the real frame by iterative calculation of correla-
tion values.!””l This method works effectively, but the
computation load is too heavy. Furthermore, all those
sub-frame correlation methods mentioned above can
not work in GPSIs, because all the phase shift steps
between sub-frames generally have different values and
most sub-frames are not on the same recording frame.

In this Letter, we present a method using sub-
wave-fronts combination instead of sub-hologram
combination to realize aperture synthesis with the use
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of only a singular CCD for the purpose of enlarging
the recording area and then improving the resolution
of the reconstructed image. It can be used not only in
PSIs with fixed steps but also GPSIs to improve im-
age resolution and to record large scale objects. Com-
pared with other methods, this method can work with
only a few frame numbers needed for GPSIs and then
improve the efficiency by hundreds of times. In the
following, we will first discuss the corresponding prin-
ciples and illustrate this method by a flowchart, and
then give its optical experiment verification followed
by conclusions.
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Fig. 1. Flow chart for GPSI aperture synthesis.

It is the object wave on the recording plane that
determines the aperture of the imaging system. If
we record two or more sets of GPSI sub-frames, re-
trieve their object wave-fronts respectively, and then
combine their object waves, the task of enlarging the
recording area can be achieved. The key step here is
to combine all the sub-object waves properly. Under
most conditions, the size of the CCD chip is very small
compared to the recording distance, so the object wave
intensities change little if the recording distance varies
slightly during the recording process.

For convenience, our method is explained here by
taking two sets of GPSI frames as an example. The de-
tailed process for this method is illustrated by Fig. 1.
First, we record a set of GPSI frames I, I,.1, 111, and
151, representing object wave intensity, reference wave
intensity, and the intensities of the first and second
inteferograms, respectively. Then we move the CCD
and record the second set of GPSI inteferograms I3,
I.5, I15, and Is5. Third, we can extract the phase
shifts asl'®]

1 (I(1p—Iop)/(4A0p Arp)|) }
<|(Ilp +12P_2A(2)p_2A%p)/(4AOPATP)|> ’

p=12, (1)

ap=2tan

where the subscript p represents the number of data
set recorded consequently. Then the object wave can

be expressed asl'”]

Ly, — I, —1
U — P O, Tp
P 24,
+i[lop — I1pcosay — (1 — cos ay,)
“Lop + Irp)]/ (2Arp sin oy ). (2)

Although the two sub-object intensities (with some
common area) of I,; and I,» are not recorded at the
same time, they can be approximately seen as on the
same frame based on the above analysis. Thus the
matching location on the recording plane can be found
by calculating the correlation function

7(2,y) = Lo1(21,y1) @ Loa (w2, y2), (3)

where symbol ® stands for the correlation of I,; and
I,2. The coordinates corresponding to the maximum
of r is the right location for the two sub-object waves,
denoted as (Tmax;, Ymax)-

We choose two regions on object intensities with
m X n pixels from I,; and I,; respectively, and de-
fined them as ¢; and i. Then the correlation value

r={ Y i = (i Y i)/ mx )}
: {[Zz% — (Zi1)2/(m X n)]1/2
IS (i) (m x n)}l/z}il. (4)

To find the coordinates (Zmax; Ymax) corresponding to
the maximum r, we must choose different small areas
1o from I,o to match with 4y from I,;. If the coordi-
nates of the first pixel in I is (z, y), then

r(z,y) =i1(1:m, 1:n)@isfx: (z+m—1),
y:(y+n—1) ()

where the colons present the varying ranges of pixels.
By iteration of changing coordinates (z,y) we can find
(Zmax,Ymax ), which can be used as the proper mark
for the combination of two sub-object wave O; and
Os (with j x k pixels). Then we have the combined
object wave

O(M, N) =Oy[1: (j —m), 1+ (I — n)

+ OQ(xmax . j7 Ymax - k) (6)
The new object wave in Eq. (6) has M x N pixels af-
ter combination. Finally, the object wave front can be

obtained by the inverse fast Fresnel transform (IFFT)
of O of distance z,

U(M, N) = IFFT.{O(M, N)}. (7)

For clarity, the aperture synthesis method can be sum-
marized briefly as follows:

Step 1. Fix the CCD and record subframes includ-
ing I,1, Ir1, 111, and I51, and then change the location
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of the CCD and record the other subframes of 1,5, I,
112, and .[22.

Step 2. Extract two phase shifts «; and as by
Eq. (1) and two sets of holographic frames respectively.
Then retrieve two subwaves O; and O, further with
Eq. (2) separately.

Step 3. Use intensities I,; and 1,5 as well as Eq. (5)
to find the proper coordinates (Zmax,Ymax) by itera-
tion.

Step 4. Combine O; and Os into a synthesized
wave front O by the coordinates (Zmax, Ymax) through
Eq. (6).

Step 5. Reconstruct the object wave U on the orig-
inal plane by Eq. (7).

Fig. 2. Two object wave intensities with 1390 pixels: (a)
upper part I,1,, (b) lower part I2.
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Fig. 3. Two reconstructed images (a) reconstructed from
object wave O1 and (b) reconstructed from object wave

Oa.

Fig. 4. The matching model.

Although we have explained the proposed method
of aperture synthesis with the example of two-set sub-
frames in GPSI, evidently this algorithm can be ex-
tended to any sub-frame number by just considering
two sets of sub-frames as one and combining the two

new ones further. Once all the sub-frames are com-
bined, the original object field can be enlarged by this
method.
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Fig. 5. Correlation value distribution.
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Fig.6. Reconstructed object intensities after aperture
synthesis (a) in the recording plane and (b) in the original
plane.

Some optical experiments have been carried out
to investigate the performance of our method. The
experimental setup is similar to that shown in Fig.4
of Ref. [17] but with a moveable CCD device. A He-
Ne laser with wavelength of 632.8 nm is used as the
light source. The central part of 896 x 1390 pixels of
a CCD with pixel size of 6.45 pm x 6.45 um is chosen
as the frame size. The distance between the record-
ing plane and the object plane is z = 26.2cm. The
object is a transparency of USAF resolution target
and the reference beam is a normal plane wave. Two
sets of GPSI frames are recorded at different CCD
locations on the recording plane but with a common
folded area. We show the two objective intensities in
Figs. 2(a) and 2(b), respectively, which are not located
at the center of the two sub-frames for the stitching
purpose. We extract a1 and ay by Eq. (1) and two-set
frames respectively, and then retrieve two sub-object
waves O7 and Os further with Eq. (2). The two ob-
ject wave-fronts are zero padded into 2350 x 2350 pix-
els and then the object waves are reconstructed by
Eq. (7) after the IFFT. The object intensity images
are amplified, as shown in Figs.3(a) and 3(b). Evi-
dently, both the lower parts of Fig.3(a) and the up-
per part of Fig. 3(b) have low resolution because some
higher spatial frequency components are absent. To

084202-3


http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 29, No.8(2012) 084202

find the actual location for two object wave fronts, a
small area of 128 x 1390 pixels is chosen in the inten-
sity Ip1 (see Fig.4). We search the (Zmax, Ymax) With
Eq. (5) by iteration, and the results are Zmax = 15
pixels and Y. = 77 pixels. To see the effectiveness
of this method more obviously, the correlation value
distribution in coordinate y is depicted in Fig. 5. It is
easy to find that the maximum value is about 0.98 near
the ideal value 1. However, the mismatched correla-
tion value decreases very quickly to below 0.5. There-
fore, we can determine the actual matching location
by this method. With the use of Eq. (6) and coordi-
nates (Zmax, Ymax), the object wavefronts O and Os
are stitched together into a new O with 1376 x 1444
pixels. By the zero padding method, the retrieved
object waves are enlarged to 2350 x 2350 pixels on
the recording plane, which is amplified, as shown in
Fig.6(a), and then the image is reconstructed on the
object plane by Eq.(7) and given in Fig.6(b) after
amplification. Although the intensities of the object
wave retrieved by sub-frames have some degradations
in the lower and upper parts respectively (see Fig. 3),
the combined one has removed those bad effects after
aperture synthesis. Many other experiments have led
to similar results.

In summary, we have proposed an approach to im-
prove the image quality by aperture synthesis in a two-
step GPSI. Firstly, the two sets of sub-interfergrams
with marginal folded areas are recorded on the dif-
ferent regions of the recording plane, and then the
object waves are reconstructed separately. Secondly,
a model is selected from the object wave intensities in
the folded area and the stitching location is found by
calculating the correlation values between the model
and the other sub-objective intensities. Finally, by us-
ing the marked coordinates the complex object waves
are combined. The optical experiments have shown
that our method is robust to improve the quality of
the reconstructed image. Although only two sets of
GPSI frames are combined here, more sets of interfer-
ograms can also be synthesized by this method. For

the first time, this method can realize aperture synthe-
sis in the GPSI accurately and can improve calculating
efficiency in correlation by almost 400 times. We be-
lieve that this technique will find useful applications
in future practice, especially when a large scale object
is to be recorded.
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