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Fourier ptychographic microscopy (FPM) is a newly developed imaging technique which stands
out by virtue of its high-resolution and wide FOV. It improves a microscope's imaging perfor-
mance beyond the di®raction limit of the employed optical components by illuminating the
sample with oblique waves of di®erent incident angles, similar to the concept of synthetic
aperture. We propose to use an objective lens with high-NA to generate oblique illuminating
waves in FPM. We demonstrate utilizing an objective lens with higher NA to illuminate the
sample leads to better resolution by simulations, in which a resolution of 0.28�m is achieved by
using a high-NA illuminating objective lens (NA¼ 1:49) and a low-NA collecting objective lens
(NA¼ 0:2) in coherent imaging (� ¼ 488 nm). We then deeply study FPM's exact relevance of
convergence speed to spatial spectrum overlap in frequency domain. The simulation results show
that an overlap of about 60% is the optimal choice to acquire a high-quality recovery (520*520
pixels) with about 2 min's computing time. In addition, we testify the robustness of the algorithm
of FPM to additive noises and its suitability for phase objects, which further proves FPM's
potential application in biomedical imaging.

Keywords: Fourier ptychographic microscopy; synthetic aperture; convergence speed; spatial
spectrum overlap.
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1. Introduction

To break the di®raction limit and capture more
details of the sample, lots of e®orts have been made.
Many tremendous accomplishments in this area have
been achieved since 1990s. In recent years, research-
ers have proposed a great many super-resolution
methods, such as stimulated emission depletion mi-
croscopy (STED),1 photoactivated localized micros-
copy (PALM),2 stochastic optical reconstruction
microscopy (STORM),3 and so on.

Apart from these nanoscopy techniques, another
researching ¯eld is to acquire the high spatial in-
formation of the object via distinct illumination.
Among these methods, great attention has been
attached in structured illumination microscopy
(SIM).4 In addition to SIM, the concept of illumi-
nating the sample at oblique angles and syntheti-
cally increasing the numerical aperture of the
objective lens has been developed, which is termed
synthetic aperture imaging.5–8 It was derived from
radar technology9 and found wide application in
optical phase imaging.10–14

Fourier ptychographic microscopy (FPM)15–21 is
a newly developed imaging technique using the
concept similar to synthetic aperture to improve the
system's imaging performance beyond the limit in-
troduced by its optical components. The algorithm
of FPM originates in the Gerchberg–Saxton (GS)
algorithm,22 which is one of the earliest strategies
for recovering a sample's image. The basic idea of
FPM is expanding the spatial spectrum (i.e.,
Fourier spectrum) in frequency domain via multi-
image fusion. FPM converges to a high-resolution
image by constraining the amplitude of the solution
using the acquired low-resolution images. The ac-
curacy and reconstructing speed of FPM recovery
depend on the amount of spatial spectrum overlap.
In this paper, the primary goal is to explore the
exact relationship between convergence speed and
data redundancy. In addition, we further discuss
the FPM's imaging performance with regard to
di®erent noises and the ability of recovering the
intensity of a sample with random phase.

2. Principle of Resolution Enhancement

with Synthetic Aperture

Because of the di®raction e®ect induced by the ¯-
nite size aperture of the objective lens, the ability of
the microscopy to acquire ¯ne details or the highest

spatial frequency of the object is limited. According
to the Abbe criterion,23 the resolution of the con-
ventional microscopy in coherent imaging is roughly

R ¼ �

NA
; ð1Þ

where � is the wavelength of the incident light and
NA is the numerical aperture of the objective lens.

The objective lens of microscope can be regarded
as a low-pass ¯lter. In the frequency domain, the
spatial frequencies are ¯ltered by this low-pass ¯lter
whose pupil function (i.e., coherent transfer func-
tion) can be described as

P ð�; �Þ ¼ circ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið�=ð�fÞ2Þ þ ð�=ð�fÞ2Þp
NA=�

 !
; ð2Þ

where f is the focal length of the objective lens.
As shown in Fig. 1(a), consider a plane wave with

the wave vector (ki
x; k

i
yÞ(or 2�ðvi

x; v
i
yÞÞ like Eq. (3)

(the subscript i denotes ith illuminating light beam)

U i
inðx0; y0Þ ¼ exp½�jðki

xx0 þ ki
yy0Þ�

¼ exp½�j2�ðvi
xx0 þ vi

yy0Þ�;
ð3Þ

to illuminate the sample under an oblique angle �i,
the complex amplitude at the pupil plane (i.e.,
Fourier plane) becomes24

U i
fð�; �Þ ¼ P ð�; �Þ 1

j�f

ZZ
oðx0; y0ÞU i

inðx0; y0Þ

� exp �j2�
�

�f
x0 þ

�

�f
y0

� �� �
dx0dy0

¼ 1

j�f
P ð�; �ÞO �

�f
þ vi

x;
�

�f
þ vi

y

� � ;

ð4Þ
where Oð�/(�fÞ, �/(�fÞÞ is the Fourier transform of
the object function oðx0,y0Þ. From Eq. (4), we can
see that the obliquely incident plane wave with
wave vector (ki

x; k
i
yÞ forces the center of the object's

spatial spectrum a frequency shift by (ki
x; k

i
yÞ, which

results in the low-pass ¯lter covering a di®erent
region of the spectrum. Therefore, tilted illumina-
tion provides an approach for shifting higher fre-
quencies of the object into the collection cone of the
collecting objective lens (OL2). In other words,
scattered light from the object beyond the NA of
OL2 which contains the ¯ne details of the object can
be detected, thus o®ering the opportunity for im-
proving the resolution of the system.

Figure 1(a) shows a suitably designed scanning
strategy for such a synthetic aperture. What is
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novel is that we employ a high-NA objective lens
(OL1) to generate the illuminating light. An illu-
minating light beam scans the back focal plane
(BFP) of the objective lens for illumination and the
focused point on the BFP can be scanned circularly
on BFP, as is depicted in the inset of Fig. 1(a),
thus producing obliquely incident plane waves to
illuminate the object under various angles. As is
presented in Fig. 1, the scanning radius corresponds
to the incident angle �i, which causes a frequency
shift of the object's spatial spectrum by kc ¼ ksin
(�iÞ ¼ ð2�/�Þn1sin(�iÞ in Fourier plane, where �
and n1 are wavelength in the free space and the
refractive index between OL1 and object, respec-
tively. The size of a single circular object's spatial
spectrum passing through the system depends on
the NA of OL2, whose radius corresponding to the
cuto® spatial frequency can be described as
r ¼ ð2�/�Þ NA2, where NA2 is the numerical ap-
erture of OL2 determining the very resolution of the
conventional microscope. When the illuminating
light beam scans at the BFP of OL1 one circle by
one circle, di®erent regions of the object's spatial
spectrum shown in Fig. 1(b) will be acquired. If we
sum over all the small circular object's spatial
spectrum, an expanded spectrum containing high-
frequency components of the object will be obtained.

However, it's worth noting that taking a direct
sum of the spectrum is not accurate enough, be-
cause a direct sum would place too much emphasis
on the low frequencies and introduce aberrations.25

Here, we employ the computational method of
FPM. Its main principle is iteratively stitching to-
gether a set of low-resolution images in frequency

domain to recover an accurate high-resolution
image; more details about FPM are given in Sec. 3.

The ¯nal resolution of the microscope is deter-
mined by the size of the expanded spatial spectrum
we will capture in frequency domain, i.e., it relies on
how large we can acquire the value of kc, which
corresponds to the largest incident angle �max of the
illumination when the calculation is mapped to the
spatial domain. Therefore, OL1 as the illuminating
objective lens plays a signi¯cant role in improving
the resolution of the system. It's not di±cult to ¯nd
that NA1 (number aperture of OL1) dominates the
¯nal resolution of the microscope if we ¯x the NA of
OL2. The maximum shifting of frequency can be
written as kcmax ¼ (2�/�Þn1sin(�maxÞ ¼ ð2�/�ÞNA1.

A simulation has been made by adopting the
FPM calculating method with the synthetic aper-
ture concept mentioned above. As is depicted in
Fig. 2, di®erent NAs of OL1 are employed to dem-
onstrate the relationship between resolution im-
provement and NA of OL1. Figure. 2(a) shows the
FP recovery result of a spoke-like sample with the
NAs changing from 0.7 to 1.49. The refractive index
of the immersion OL1 is 1.52. The corresponding
expanded spatial spectra of Fig. 2(a) captured in
frequency domain are shown in Fig. 2(b). We can
see that with the growth of NA1, the captured
spatial spectra enlarges, and at same time the
corresponding resolution of the system also
improves gradually. The cuto® spatial frequency in
the spatial frequency space becomes (2�/�ÞNA1
þ (2�/�ÞNA2¼ (2�/�Þ(NA1þNA2) by introducing
a frequency shift of (2�/�ÞNA1. Therefore, the ul-
timate resolution of the optical microscope acquired

(a) (b)

Fig. 1. Schematic of synthetic aperture. (a) Schematic diagram of synthetic aperture by tiled illumination to improve the reso-
lution of the microscope. (b) Synthesis of spatial spectrum in the pupil plane.
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can be described as

R ¼ �

NA1þNA2
: ð5Þ

Therefore, to obtain higher resolution of the sys-
tem, a higher NA1 and NA2 can be chosen to
achieve this end. Nevertheless, since the working
distance and FOV of high NA objective lens is
usually limited, in this case, we use a low-NA OL2
allowing a large FOV to be obtained at the expense
of a low spatial resolution. Meanwhile, a high-NA
OL1 is employed to improve the ¯nal resolution by
means of FPM. In this paper, NA1 is equal to 1.49
and NA2 is chosen to be 0.2. Thus, by applying the
reconstruction algorithm of FPM to the synthetic
aperture technique, we transform a conventional
optical microscope into a high-resolution (0.28�m)
microscope.

3. Algorithm of FPM

A review of FPM's reconstruction algorithm will15

be helpful to understand the principles of resolution
enhancement. FPM is a coherent imaging technique
that uses various angle illumination for recovering

a high-resolution image, which switches between
spatial (x-yÞ and frequency (kx-kyÞ domains. In
the spatial domain, the obtained images are used
as a supporting constraint for the amplitude of the
solution. In the frequency domain, the pupil func-
tion of OL2 is applied to constrain the solution.

A °ow chart of the FPM's algorithm is shown in
Fig. 3. It begins with an initial guess of the object
pro¯le and the corresponding spatial spectrum (step
1). This initial spectrum is sequentially updated by
the corresponding region of Fourier spectrum of the
replaced intensity image (step 2). The iterative pro-
cess is repeated until the solution converges (step 3).

The three steps elaborated in a more detailed way
are as follows: Step 1: it starts with an initial guess of
the high-resolution object pro¯le Ih and the obtained
corresponding spatial spectrum. Here, we choose the
image captured under normal illumination as the
initial intensity guess. Step 2.1: select a subregion of
the initial spectrum whose area is equal to low-pass
band of the low-NA collecting objective lens. The
central position (k1

x, k
1
yÞ of the spectral subregion

corresponds to the illuminating angle. Then inverse
Fourier transform of the selected spectrum is per-
formed to generate a low-resolution image

ffiffiffiffi
I1

p
ei’1 .

Fig. 2. FPM recovery using di®erent NA of OL1. (a) Simulated results of a spoke-like sample with di®erent NA of OL1, the NAs
are (a1) 0.7, (a2) 1, (a3) 1.3, and (a4) 1.49, respectively. (b) The corresponding spatial spectra of (a). The scale bar is 5�m.
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Step 2.2: the intensity I1 of the target image is
replacedwith the intensity of low-resolution record Il1
captured under the corresponding illuminating angle,
forming an updated target image

ffiffiffiffiffi
Il1

p
ei’1 . Step 2.3:

The selected subregion of the spatial spectrum is
replaced with the corresponding Fourier transform
spectrum of the updated image

ffiffiffiffiffi
Il1

p
ei’1 . Step 2.4:

steps 2.1–2.3 are applied to the recorded image under
ith illuminating angle until the total N recorded
images are all performed the above steps 2.1–2.3. Step
3: the iterative process of step 2 is repeated until the
solution converges, and ¯nally we acquire the recov-
ered high-resolution image Ih. The convergence is
estimated by the mean-square-error (MSE) of two
consecutively recovered solutions. The process sus-
tains until the MSE is smaller than a pre-set value.

4. Simulation Results and Analysis

4.1. The relationship between conver-

gence speed and spectrum overlap

The validity of FPM has been clari¯ed in nature.15

In this section simulations have been made to

demonstrate a relationship between a spatial spec-
trum overlap and convergence speed in this iterative
process of FPM. In step 1 and 2, the space between
the centers of the selected adjacent circular spectra
is not ¯xed, in other words, the overlapping area
between the two adjacent spectra is °exible. Fig-
ure 4 shows two di®erent overlapping cases with
the same expanded spectrum in frequency domain.
In Fig. 4(a), we update the spectrum with a large
overlapping area, while in Fig. 4(b), the overlapping

Fig. 3. Flow chart of FPM's algorithm. A high-resolution intensity image is recovered by using N low-resolution intensity images
Ili which are obtained under variable incidence of illumination. Steps 1–3 illustrate the iterative recovering process of FPM. Step 1:
initialize the object estimate Ih. Step 2.1: select a subregion of the initial spatial spectrum and perform inverse Fourier transform to
generate a low-resolution image

ffiffiffiffiffi
I1

p
ei’1 . Step 2.2: replace I1 by the recorded image intensity Il1. Step 2.3: update the corresponding

subregion of
ffiffiffiffiffiffi
Il1

p
ei’1 in frequency domain (the region encircled by the red circle). Step 2.4: repeat steps 2.1–2.3 for other plane-wave

incidences (total of N intensity images). Step 3: repeat steps 2 until converges.

(a) (b)

Fig. 4. Two di®erent overlapping cases of spectrum in fre-
quency domain. The overlapping area between the two adja-
cent circular spectra is about (a) 75%, and (b) 25%.
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Fig. 5. Recovery of FPM with di®erent overlapping area of spectrum. (a) The input raw image of resolution target. (b) Obtained
image with normal illumination. FPM recovered intensity by iterating (c) for once, and (d) until convergence, with 1.49 illuminating
NA and 0.2 collecting NA applied. The corresponding overlapping areas for (c1)–(c4) and (d1)–(d4) are 81%, 59%, 41% and 24%,
respectively. (e) The relationship between overlapping area and iterative times. (f) The number of images for FPM's recovery is
plotted as a function of overlapping area. (g) The relationship between calculating time and overlapping area.
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area is very small. With these di®erent overlapping
cases, the iterative times or the convergence speed
of FPM's recovering progress displays some
regularity.

Figure 5 shows the FPM recovered intensity of
the resolution target with di®erent overlapping
cases in the frequency domain. As is depicted in
Fig. 5(b), when the raw sample (see Fig. 5(a)) is
illuminated under a normal incidence, the ¯ne
details of the acquired image can hardly be distin-
guished. The resolution improves signi¯cantly if
we introduce the strategy of FPM, which is just
as shown in Figs. 5(c) and 5(d). Four overlapping
cases were chosen to demonstrate the relationship
between iterative times and overlapping area. The
overlapping areas are 81%, 59%, 41% and 24% re-
spectively corresponding to Figs. 5(c1)–5(c4) and
5(d1)–5(d4). Figure 5(c) shows the FPM's recovery
iterated for only once. We can see that with the
overlapping area decreasing, the performance of
FPM reconstruction becomes worse. In Fig. 5(d),
the reconstructing procedure sustains until the so-
lution converges. As is depicted in Fig. 5(d2)–5(d4),
the more the adjacent circular spectra overlaps, the

higher similarity to the sample the FPM's recovery
will be acquired. The iterative times for converging
shown in Figs. 5(d1)–5(d4) are 3 with 81%, 5 with
59%, 14 with 41%, and 19 with 24% overlap, re-
spectively. Figure 5(e) shows the corresponding
relationship between iterative times and over-
lapping area, in which we can ¯nd that the iterative
times decreases exponentially with the growth of
overlapping area. However, large overlapping area
means a great number of low-resolution images
acquired by various angles for illuminating are
needed to reconstruct a high-resolution image of the
sample. Figure 5(f) demonstrates the relationship
between the number of images needed for FPM re-
covery and the overlapping area. The speed of ac-
quiring those low-resolution images is determined
by the scanning speed of the illuminating light
beam. As for the calculating speed, the processing
time for 100 low-resolution images is about 5 s in
Matlab using a personal computer with an Intel i7
CPU. The relationship between the calculating time
of acquiring a high-resolution image and the over-
lapping area is shown in Fig. 5(g). In consideration
of the high-quality of recovery and the computing

Fig. 6. Simulation results for a microtubule with 59% overlapping area in frequency domain. (a1) The input raw image of the
sample. (a1)–(a2) FPM's recovery iterated for only once and ¯ve times until the solution converges, respectively. (b1)–(b2) Intensity
pro¯les alone the upper and lower white dotted lines in (a), respectively.
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speed, the overlapping area is good enough chosen
to be about 60%, in which the high-resolution image
is obtained by about 2 min.

To clearly demonstrate the resolution enhance-
ment and the relationship between converging
speed and overlapping area using the combination
of synthetic aperture technique and algorithm of
FPM, we also performed a simulation using a bio-
logical sample. Figure 6 presents the simulation
results where the overlapping area is 59%, from
which we proved once again the resolution im-
provement of the proposed method. As the red lines
shown in Figs. 6(b1)–6(b2), with the increasing
of iterative times, the contrast of the image will
improve correspondingly, and here ¯ve times of

iteration is quite enough to reconstruct a high-res-
olution image with regard to a spatial spectrum
overlap of 59%.

4.2. Imaging performance in the

presence of additive noises

We also investigated the imaging performance ro-
bustness to noises of FPM. Figure 7 demonstrates
the performance to the Gaussian noise by simulat-
ing a spoke-like sample. In Fig. 7(a), the images
without noise are acquired until the solution con-
verges, where the iterative times are 3, 5, 14 and 19
for Fig. 7(a1)–7(a4), respectively. In Figs. 7(b)–7(c),

Fig. 7. Noise performance of FPM with 20% additive Gaussian noise level. (a1)–(a4) Images of noise-free, spoke-like sample
iterated until convergence with 81%, 59%, 41% and 24% overlapping area in frequency domain, respectively. (b)–(c) Corresponding
images of the same sample with 20% additive Gaussian noise level. (b1)–(b4) Iterating for only once, and (c1)–(c4) iterating until
convergence.
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Gaussian noise with a standard deviation of 20%
was introduced into the detection process at CCD.
Figures 7(b1)–7(b4) are the recoveries obtained by
iterating for only once. While Figs. 7(c1)–7(c4) are
acquired by iterating until the solution tends to
be stable, where the iterative times are 5, 7, 16 and
29, respectively. From the images obtained via
FPM, it is apparent that adding Gaussian noise
would not change the basic law discussed above, i.e.,
the converging speed increases with the growth of
the overlapping area. However, the introducing of

Gaussian noise will slow the speed of convergence
relative to the situation without noise.

To further study the noises performance of the
proposed algorithm, simulations of resolution target
were made by adding di®erent amount of noise to
the raw image. As is depicted in Fig. 8, di®erent
Gaussian noise levels were added to the raw images.
When the Gaussian noise is introduced, it is ap-
parent that the resolution decreases as the noise
standard deviation increases as shown in Figs. 8(a)–
8(c). In Fig. 8(d), we plotted the curves of MSE as a

Fig. 8. Simulation results under Gaussian noise with di®erent standard deviations. (a)–(c) Images of resolution target corrupted
with 10%, 20%, and 30% Gaussian noise levels, respectively. (a1)–(c1) Low-resolution images acquired under normal illumination.
(a2)–(a5), (b2)–(b5), and (c2)–(c5) Images with corresponding Gaussian noises reconstructed by FPM until converges with 81%,
59%, 41%, and 24% overlapping area, respectively. (d) The MSE is described as a function of distinct Gaussian noise levels. Di®erent
color lines are corresponding to di®erent overlapping areas in frequency domain.
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function of di®erent noise levels. As we can see that
the imaging performance deteriorates linearly with
the increasing of noise levels. This means that FPM
exhibits good performance with respect to robust-
ness to additive noises. Meanwhile, with the grow-
ing of noise levels the distinction of imaging quality
brought by di®erent overlapping areas lessens,
as is shown in Figs. 8(a3)–8(a4), 8(b3)–8(b4),
and 8(c3)–8(c4).

4.3. Reconstruction of sample with

random phase

In order to investigate the ability of the proposed
algorithm to recover the intensity of a given sample,
we also simulated the resolution target with random
phase. The simulation setting in Fig. 9 is the same
as Fig. 5. The iterative times in Figs. 9(b1)–9(b4)
are 4, 7, 11, and 50, respectively. From the images
obtained via FPM, we can see that the relationship
between convergence speed and overlapping area
sustains if we add a phase to the sample. Mean-
while, the algorithm also exhibits excellent perfor-
mance of recovering high-resolution intensity image
with respect to the sample with phase. Details
about the FP's capability of extracting accurate
and quantitative phase information from the raw
intensity data can be found in Zheng's work.16

5. Conclusion

We have veri¯ed the e®ectiveness of FPM's algo-
rithm combined with the concept of synthetic ap-
erture. A high-NA objective lens for illumination is
used to acquire high spatial information of the
sample by providing large illuminating angle, and a
low-NA lens for collection is used to capture raw
images with wide ¯eld of view. The ¯nal resolution
determined by these two objective lenses is de-
scribed as Eq. (5). The lateral component kc of
oblique incident wave corresponds to a spatial fre-
quency shift via illumination. A high resolution has
been acquired in TIR by generating the evanescent
¯eld26 illuminating the sample with large kc in our
group. Besides, applying the characteristic of large
lateral wave vector of SPP (surface plasmon polar-
itons)27 for illumination, there's no doubt that a
higher resolution would be achieved. This research
will be worthwhile to explore in detail in the future.

A relationship between data redundancy and
convergence speed of FPM has been discussed in
this paper. The iterative times of the algorithm
decreases with the growth of overlapping. The
simulation results with 60% spatial spectrum over-
lapping acquired by iterating for ¯ve times exhibit
great imaging quality. The calculating speed is
about 5 s for 100 images, which can be improved by
optimizing the program in Matlab and using better

Fig. 9. FPM's recovery of resolution target with random phase. (a1)–(a4) Intensity images reconstructed by iterating for once with
81%, 59%, 41%, and 24% overlapping area, respectively. (b1)–(b4) Intensity images reconstructed by iterating until converges with
the corresponding overlapping area.
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con¯guration of computer. We demonstrated that
FPM is robust against additive noises via simulat-
ing the imaging performance with regard to di®er-
ent Gaussian noises. The presented algorithm of
FPM can also recover a high-resolution intensity
image from a set of low-resolution images of the
sample with random phase.
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