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Abstract: In this paper, we present a low-cost and ultra-compact holo-
graphic microscope with multiple imaging areas. Instead of a dual-pinhole
aperture as presented in our previous work, a multi-pinhole aperture is
employed to filter the light source and to generate a reference wave as
well as multiple object waves. The reference wave and the object waves
interfere at the digital sensor and form multiplexed off-axis holograms
without any lenses, splitters or combiners. The optimal number of object
waves is determined which does not only fit our system but also brings
some inspiration for traditional multiplexed off-axis holography. Our new
system is tested to be able to retrieve quantitative phase images along with
the amplitude images of multiple imaging areas at the same time with a
lateral resolution of ∼ 2.2µm and an accuracy of the optical path of tens of
nanometers.
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OCIS codes: (090.1995) Digital holography; (120.5050) Phase measurement; (090.2880)
Holographic interferometry.
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1. Introduction

In digital holography, off-axis configuration [1–3] can retrieve images with higher signal-to-
noise ratio compared with Gabor inline set-up [4–7] as the so-called object term, zero order term
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and twin image term are spatially separated. However, off-axis holography requires recording
media with higher resolution so as to capture high frequency fringes in off-axis holograms.
The resolution of the reconstructed object wave with off-axis geometry is much smaller than
the resolution of the digital camera, as most part of the spectrum of the captured hologram
is filtered out using the spatial filtering method [8]. What’s more, among those abandoned
spectrum, less than half is occupied by the noise terms (i.e. twin image term and zero order
term) which implies the great potential of the off-axis holography to record more information
with a single hologram.

Multiplexing is one of the alternative solutions to the aforementioned problem which has
been extensively studied in holographic data storage [9–11], multi-dimensional measurement
[12, 13], super-resolution imaging system [14–17], fast reconstruction of off-axis digital holo-
gram [18,19] and other areas [20,21]. In 2010, Larbi’s team [22] developed an off-axis imaging
system which only uses a single reference wave and two object waves to form a multiplexed
hologram. Their system simplified previous multiplexed off-axis systems where paired object
waves and reference waves are applied. However, plenty of the spectrum in their system is still
remained unused. In the same year, Merola’s team [23] demonstrated a conciser approach to
reconstruct multiple images from a single hologram by using a 2D diffraction grating. This sys-
tem, yet, suffers from poor image quality and large redundant imaging area. In 2014, Shaked’s
team [24] presented a multiplexing approach named interferometry with doubled imaging area
(IDIA) where a series of retro-reflectors and beamsplitters were added to manipulate one ref-
erence wave and two object waves. Later they improved their system by multiplexing another
object wave [25]. Even though in the improved system they managed to make use of polarized
light to avoid unwanted correlations of the object waves, the spectra of object terms of this
system still partially overlapped with the spectra of zero order term and correlation terms. Thus
high frequency noises may be introduced into the reconstructed images.

In recent years, a very promising lens-free on-chip microscope were proposed by Ozcan’s
team [26–28]. It utilizes a LED array or programmed stage to capture a 3D stack of lens-
free images with inline set-up which could also retrieve both amplitude and phase image of
the sample. The field of view (FOV) and image quality of this microscope are unattainable
for other lens-free systems. However, as multiple low resolution holograms were employed
(typically several hundred holograms), the dynamic performance of this kind of microscope is
not as good as microscopes where only one hologram is used.

In our previous work [29], we presented a lens-free compact holographic microscope which
features the advantages of both off-axis holography and Gabor inline holography. As the spatial
filtering method is employed, our system shares the same disadvantage of off-axis holography
where most of the spectrum of the recorded hologram is wasted. In order to address this prob-
lem, in this paper we propose an ultra-compact off-axis holographic microscope system that
adopts a multiplexing method. Unlike other multiplexing imaging systems, we don’t add any
new optical components to our previous system which makes our system the most compact one.
Besides, we quantitatively analyzed the maximum amount of information that can be obtained
using our system. This not only suits for our system but also brings some inspiration on other
multiplexed off-axis holographic systems.

2. System setup and basic principles

Fig.1 shows an illustration of our new system. A dual-pinhole aperture in our previous system is
replaced by a multi-pinhole aperture (Provided by TianGong Laser Products Co.,Ltd, pinhole
diameter: 3µm) to filter the light from a laser diode (LD-T650H00, λ = 650nm, measured
power ≈ 120mW ). One of those pinholes is designed as the reference pinhole while others are
considered as the object pinholes. The projections of the image sensor on the sample plane
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Fig. 1. System diagram (for simplicity, a triple-pinhole aperture is shown to illustrate the
idea of the system. The number of pinholes includes but is not limited to three.)

with respect to the object pinholes are referred to as the viewing windows in the later part
of the paper while the projection with respect to the reference pinhole is referred to as the
reference window. The reference window should not be contaminated by the sample or overlap
the viewing windows in order to generate the reference wave. The reference wave emitted
from the reference pinhole and the object waves emitted from the object pinholes interfere at
the image sensor (XIMEA, MQ042MG-CM, resolution: 2048∗ 2048, pixels size: 5.5µm) and
form a multiplexed hologram. This grayscale hologram can be expressed as

I = |r(x,y)+∑
i=N
i=1 bi(x,y)|2, (1)

where N is the number of object pinholes, r(x,y) is the reference wave, and bi(x,y)(i ∈
{1, . . . ,N}) are the object waves. By expanding this equation, we can rewrite Eq. (1) as Eq.
(2).

I = (|r(x,y)|2 +∑
i=N
i=1 |bi(x,y)|2)

+∑
i, j=N
i, j=1,i6= jbi(x,y)b∗j(x,y)+∑

i=N
i=1 [r

∗(x,y)bi(x,y)+ r(x,y)b∗i (x,y)]

= z(x,y) +∑
i, j=N
i, j=1,i6= jci j(x,y)+∑

i=N
i=1 [oi(x,y)+ ti(x,y)], (2)

where z(x,y)= |r(x,y)|2+∑
i=N
i=1 |bi(x,y)|2 represents the zero order term, oi(x,y)(i∈{1, . . . ,N})

represent the object terms, ti(x,y)(i ∈ {1, . . . ,N}) denote twin image terms and ci j(x,y)(i, j ∈
{1, . . . ,N}; i 6= j) denote the correlation terms between the two object waves. As the different
correlation terms may have the same frequency center, for simplicity, the correlation terms
may be referred to as ci(x,y)(i ∈ {1, . . . ,K}) in the later part of this paper. K is the number
of correlation frequency centers which depends on the positions of the pinholes. Based on our
previous analysis [29] and Eq. (2), the object waves of different viewing windows are modulated
to different frequency centers. And the position of the frequency center of the ith object term
could be figured out using the following vector equation.

~fi =
~di

Zλ
. (3)
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Here ~fi is the vector pointing from the origin to the frequency center of ith object term and ~di is
the vector pointing from the reference pinhole to the ith object pinhole. Therefore, the relative
positions of the origin and frequency centers of the object terms are similar to the relative of
the reference pinhole and the object pinholes. The radius of the spectrum of each object term
can be represented as

fmax =
1

2Mδ
, (4)

where M denotes the magnification factor of the system and δ denotes the theoretical resolution
of the optical system. It follows, if the resolution of the optical system is determined, we can
still adjust the diameter of the object terms by changing the magnification factor of the system.
With the separated positions and the controllable spectral radius, the object terms can be easily
extracted by applying several special filters. Then, the images of different viewing windows can
be rebuilt from the captured hologram using angular spectrum method [30].

3. System analysis and design

3.1. Lateral resolution

As this system is based on our previous system which is a combination of Gabor inline hologra-
phy and off-axis holography, most theories of both Gabor inline holography and off-axis holog-
raphy are applicable to our new system. Hence the lateral resolution of the system is mainly
limited by the size of pinhole, the numerical aperture (NA) and the magnification factor of the
system.

The NA is the most important factor that limits the resolution of the optical part of the system
which can be expressed as

NA =
W
2√

(W
2 )

2 +Z2
2

, (5)

where W represents the sidelength of the digital sensor and Z2 is the axial distance between the
sample and the digital sensor. In our system, we utilize the imaging sensor with the sidelength
of 11.264mm and Z2 is designed as 36mm (based on the design of the magnification factor,
given by Eqn. (9), and the relationship among Z, Z1 and Z2). As a result, our system possesses
a NA of ∼ 0.14.

The size of the pinhole is the other limiting factor of the resolution of the optical system.
According to the previous literatures [7, 31], the size of pinhole affects the system resolution
mainly in two aspects. First, the size of pinhole determines the size of the illuminating area. As
we know, the imaging ability of Gabor inline holography comes from the interference fringes
of inline reference wave and the object wave. When the illuminating area is smaller than the
imaging sensor, the diffracted object wave cannot interfere with the reference wave at the unil-
luminated area of the pinhole which narrowed down the effective area of the digital sensor. As
a consequence, the resolution of the system will be restricted. Second, for partially coherent
Gabor inline systems, the spatial coherent diameter relies on the size of the pinhole. This does
not apply to our system as the laser LED is used in our system. Hence if the digital sensor is
fully illuminated, the resolution of the optical system will depends only on the NA, such that

δ =
λ

2NA
. (6)

For systems with 3µm pinholes, Z is designed as 39.5mm to ensure that.
Apart from previously discussed factors that could affect the resolving power of the optical

system, the sampling and the reconstruction process may also lower the resolution of the entire
system. Specifically, the magnification of the system should be large enough so that the spectra
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of the object terms are confined to corresponding spatial filtering masks, or high frequencies
signals will be filtered out during the spatial filtering process. This gives

M ≥ 1
2 fdδ

. (7)

Here, fd is the designed radius of the spatial filtering mask.
In the end, it is worth mentioning that, the resolution of the system is irrelevant to the number

of object pinholes which disagrees with our first impression. Even though the increase of the
number of pinholes will lead to the decreasing trend of fd , if M is subject to the Ineq. (7), the
shortened fd will only result in a narrowed size of each viewing window but not the deduction
of the resolution.

3.2. Design of the spectrum and the aperture

Till now, we have depicted a compact multiplex off-axis holographic system which is aimed
at minimizing the waste of the spectrum of the hologram and making full use of it. Then, how
many pinholes and what kind of pattern should be applied to achieve the best performance?
Is it the more pinholes the better? To solve this problem, we need to quantify the amount of
information that can be extracted so that we can evaluate the performance and make tradeoffs
between the performance and the simplicity and feasibility of the system.

In off-axis holography, only the filtered object terms or twin image terms can be used to
reconstruct the images of viewing areas. Thus if we define

γ =
Area o f used spectrum

Area o f the captured spectrum
∗100%

=
∑Area o f the spectrum o f the ith ob ject term

Area o f the captured spectrum
∗100%, (8)

γ represents the efficiency of the spectrum which to some extent reflects the total amount of in-
formation that could be reconstructed from a single hologram. To be more specific, if γ reaches
100%, it means that the zero order term and twin image term are perfectly eliminated, and
the reconstructed images have the same resolution with the image sensor. On the contrary, if γ

equals 0, it means that the spectrum is arranged so poorly that no uncontaminated object term
could be obtained.

Before we proceed to the discussion of the maximization the efficiency of the spectrum, two
issues still remain to be considered. First, overlapping should be avoided if the spectrum of the
object wave is limited by a specific support, or high-frequency noise will be introduced into the
reconstruction of the object wave. Second, the object terms should be located at the same half
of the spectrum. As shown in Eqn. (3), the relative positions of the frequency centers of zero
order term and the object terms in the spectrum map to that of the reference pinhole and object
pinholes. Subsequently, if the object terms surround the zero order term, the object pinholes
will also surround the reference pinhole which will result in a great difficulty of keeping the
reference window clean while viewing the samples.

Let’s consider the simplest situation where the number of object pinholes N = 2. Suppose the
frequency of the sample is limited in a circular area with a radius which is set as the designed
radius of the spatial filtering mask fd ; the object terms and twin image terms are limited in
the same spectral radius while the correlation terms and z(x,y) have a larger spectral radius of
2 fd . According to geometrical considerations, same results of the maximum frequency of each
object term could be derived as previous studies [32, 33] but two object waves are involved in
this case. The distribution of the spectrum of this optimal configuration is illustrated in Fig.
2 (a). The rectangle illustrates the area of the spectrum which can be obtained by the digital
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Fig. 2. Designed spectrum configurations when (a) N = 2, (b) N = 3, (c) N = 4, (d) N =
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Fig. 3. Computer generated spectrum configurations for 2≤ N ≤ 10 using PSO method.
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camera and the capitalized notations represent the spectrum or the Fourier transformation of
the corresponding lower-case notations. The second object wave is modulated to the symmetric
position of the first object wave with respect to the v axis of the spectrum. This configuration
doubles the spectral efficiency to 16.12% without any adverse impact on the performance of
each object wave.

When N ≥ 3, the problem becomes more complicated. It is extremely difficult to find the
global maximum of γ . Hence, we designed several simple patterns that may be close to the
optimal solutions. In the first pattern, the object terms are positioned in one row at the bottom
of the spectrum of the hologram. The spectra of the adjacent object terms are tangential to each
other. Fig. 2 (b) - (c) show the spectrum of this kind of pattern when 3 ≤ N ≤ 4. It is obvious
that for N ≥ 5, the spectral efficiency of this kind pattern will decrease as N increases. In order
to gain higher γ , we designed another two patterns for N ≥ 4 as displayed in Fig. 2 (d) and
(e). In these patterns, the object terms are arranged in two rows, one higher and one lower.
The object terms in the higher row are tangential to the adjacent object term(s) in the lower
row. When N = 2k(k ∈ {2, . . . ,6}), the object terms in the higher row are tangential to one
correlation term, while when N = 2k+1(k ∈ {2, . . . ,6}), the object terms in the higher row are
tangential to two correlation terms at the same time. As N increases (N > 13), the efficiency of
two-row patterns will also decrease. That is when patterns with three or more rows should be
adopted.

To verify the quality of previous designed pattern, we utilize particle swarm optimiza-
tion(PSO) [34] to assist in searching for the optimal solutions. The resultant patterns are demon-
strated in Fig. 3 and the efficiency of all aforementioned patterns are listed in Table 1. Compar-
ing the patterns generated using PSO method with our designed pattern, it can be seen that for
N = 2 and 3, those patterns are exactly the same. For N = 4 and 5, the generated patterns share
the similar appearance with our designed ones. And the efficiency of those patterns are close to
each other. For N > 5, the results of PSO method are even worse than our design. This may due
to the reason that the optimization problem becomes so complicated as N increases that much
more loops are needed to find better solutions. These results implies that our designed patterns
of the spectrum are already close to the optimal solutions.

Z C1C2C3C4C5C6

O1

T1

O2

T2

O3

T3

O4

T4

(a)

d dd

1.5d

(b)

Fig. 4. (a) Adopted spectrum configuration and (b) corresponding layout of the aperture.

As N further increases, except for the object terms, more and more noise terms are added to
the spectrum. This boosts the difficulties of the increase of the efficiency. Also, gaps between
different object terms are unavoidable. Consequently, the spectrum efficiency of the optimal
solution could barely increase or may even have a drop trend. For N = 4n2(n ∈ Z+), the effi-
ciency of optimal solution should always larger than π/16 (≈ 19.63%) which is the efficiency
of the designed pattern as displayed in Fig. 2(f). Based on this and the previous results, we
boldly conjecture that the efficiency of the optimal solution boosts only when N = 2, and for
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N ≥ 3, the efficiency fluctuates around π/16 and finally converges to it. As four is the smallest
N where the efficiency reaches π/16, four should be the optimal number of the object waves
while making compromises between the efficiency and the simplicity of the system. And four
is the optimal number, to say the least, if we only consider N ≤ 10. Inspired by this, four object
pinholes are employed in our new system. As the efficiency of the designed patterns and the
generated pattern when N = 4 are almost the same, the simplest pattern shown in Fig. 2 (c)
is adopted. In practice, we further replace the circular supports of the object term with square
ones as illustrated in Fig. 4(a).

Table 1. Spectral efficiency of different patterns when N ≤ 10.
N 2 3 4 5 6

One row 16.12% 15.73% 19.63% – –
Two rows – – 19.66% 17.43% 15.36%

PSO* 16.12% 15.73% 19.67% 17.43% 14.96%
N 7 8 9 10

Two rows 15.98% 15.21% 16.50% 16.33%
PSO* 14.81% 14.64% 14.17% 13.20%

* Main parameters of PSO algorithm: Constrains: 1. The object
terms can be captured by the digital sensor; 2. The object terms
does not overlap with other terms; 3. The center of the object terms
lies in lower half of the spectrum. Loops: 300. Maximum number
of iterations (epochs) to train: 2000. Population size: 24.

Once the spectrum of the hologram is designed, the pattern of the aperture can be determined
accordingly. Fig. 4(b) shows the layout of the pinholes. As λ = 650nm and Z = 39.5mm, the
distance between the adjacent object pinholes (d) equals to 1.17mm.

3.3. Design of the magnification factor

In Irena’s work [25], three separate imaging areas were obtained instead of a continuous one.
This may be due to the reason that it is really difficult to adjust the positions or the sizes of each
imaging area for such a complex optical system. For our system, however, it is very simple. All
we have to do is adjust the size of the viewing window by changing the magnification factor
until the adjacent viewing windows are connected to each other and constitute one bar-shaped
viewing area. The magnification factor can be calculated using triangulations, such that

M =
Z
Z1

=
W +d

d
. (9)

This configuration is also subject to Ineq. (7). The proof is provided in Appendix A.

4. Experimental results and discussions

To verify the previous analysis of the lateral resolution, an amplitude resolution target (USAF
1951 T-22) was imaged using both our previous system and new system. In comparison with
zebra-like fringes shown in Fig. 6(b), scale-like fringes can be observed as shown in Fig. 5
(b) which imply that multiple object terms are multiplexed to the hologram. This is confirmed
by the spectrum of the hologram displayed in Fig. 5 (c) which is consistent with the designed
pattern. Fig. 5 (d)-(g) denote the amplitude reconstructions of this multiplex hologram that
demonstrate the system’s ability to image four different viewing windows. Fig. 5 (h) illustrates
a magnified area of Fig. 5(g). The width of the bars in the smallest resolvable elements equals
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(a)

(b)

2mm

(c)

(d) (e) (f) (g) (h)

Fig. 5. Resolution test of our new system. (a) Multiplexed grayscale hologram of USAF
1951 T-22. (b) Enlarged highlighted part of (a). (c) Spectrum of the hologram. (d)-(g) Am-
plitude reconstructions of different viewing windows. The length of the white bar equals
150µm. (h) Enlarged area of (g). The smallest resolvable elements are highlighted by a red
rectangle. The width of those bars equals 2.2µm.

(a) (b) (c) (d) (e)

Fig. 6. Resolution test of our previous system. Source-sensor distance ≈ 39.5mm, source-
object distance ≈ 3.5mm, NA ≈ 0.14, diameter of the pinholes = 3µm, distance between
the object pinhole and the reference pinhole = 2.24mm. (a) captured hologram of USAF
1951 T-22. The length of the white bar equals 2mm (b) Enlarged highlighted part of (a).
(c) Spectrum of (a). (d) Amplitude reconstruction of (a). The length of the white bar equals
150µm. (e) Enlarged area of (d). The highlighted elements are the same as the highlighted
elements in Fig. 5(h).
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2.2µm which indicates that the resolution of the system reaches 2.2µm. This is similar to the
results demonstrated in Fig. 6(e) which is agree with our analysis.

(f)

0.5mm

(g)

(a)

2mm

(b) (c)

(d) (e)

Fig. 7. Experimental results with the phase object using our new system. (a) The captured
hologram. (b)-(e) The reconstructed phase image. (f) and (g) The surface profile of the
highlighted line in (b) and (c). The red error bars show the means and standard deviations
before and after the step.

Next, we try to evaluate the accuracy of the phase measurement of the system. To do this,
we fabricated a transparent polydimethylsiloxane (PDMS) phase object using the amplitude
resolution target as the mold. The height of the elements of the amplitude sample is measured
as ∼ 120nm using the Alpha-Step surface profiler. The height difference of the phase object
should also be ∼ 120nm. The hologram of this phase object was captured as displayed in Fig.
7(a). After reconstruction, the surface profile of this phase sample can be calculated from the
phase reconstructions shown in Fig. 7(b)-(e). Fig. 7 (f) and (g) demonstrate the surface profile of
the red bar in Fig. 7(b) and (c) respectively. The measured height differences are 126.96nm and
123.42nm. The standard deviations of these measurements before the step edge are 15.51nm
and 9.14nm. After the step edge, the standard deviations are 14.23nm and 6.56nm. Here, we
adopted 1.4 as the refractive index of the PDMS. It can be seen that the noise in the lateral
viewing windows is higher than noise in the central ones as less direct light can reach the dig-
ital sensor through the lateral pinholes. As a result, the effective FOVs of the lateral windows
may lower than the central ones. To evaluate the effective FOV, holograms without any objects
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Fig. 8. (a)-(e) Effective FOVs. (f)-(j) Histograms of standard deviations corresponding to
points within the effective FOVs. The average standard deviations (σ) are provided. (a) and
(f) are results of previous system. (b)-(e) and (g)-(j) are results of the proposed system.

were captured using both previous system and proposed system. Local standard deviation with
a neighborhood size of 101 ∗ 101 were employed to estimate the noise and 40nm were set as
the threshold of the effective pixel. The resultant effective FOVs are shown in Fig. 8(a)-(e).
Compared to our previous system, the effective FOV of the proposed system is about 3.1 times
larger. And inside the effective FOVs, the histogram of the standard deviation and averaged
standard deviations are provided which indicates our system possesses an accuracy of the opti-
cal path of tens of nanometers.

In the end, we further proved the feasibility of the system by conducting experiments with
some biological samples. Fig. 9 and Fig. 10 show the experimental results with a slide of stained
paramecia. The quantitative phase profile of a continuous bar-shape area can be retrieved using
the proposed system. The cell structure of the paramecia could also be clearly obtained.

As we’ve mentioned in section 2, the fundamental assumption of our system is that the refer-
ence window should not overlap with the viewing windows or be contaminated by the samples.
If an object lies in the reference window, the twin image of that object will appears in every
reconstructed viewing window. Considering the fact that the reference window can be easily
contaminated by one or more objects, samples that are carefully positioned or samples with a
fixed sample support would be preferred. Besides, as the system can retrieve the amplitude and
phase profile of a large bar-shape area from a single hologram, the dynamic performance of our
system is better than systems that utilize multiple holograms. As a result, micro-channel-based
fluidic applications are perfectly suited to our system.

5. Conclusion

We have illustrated a lens-free multiplexed off-axis holographic microscope with a multi-
pinhole aperture. The optimal number of the object pinholes and the pattern of them were
analyzed to maximize the information that could be retrieved from a single hologram. Based on
our analysis, four should be the optimal number of the object pinholes which has been taken into
practice. The spectral efficiency of our system reached 19.63% which is about 2.5 times larger
than that of the traditional off-axis systems. The experimental results demonstrated that our
system have the ability to obtain both the amplitude and phase information of four connected
viewing areas. The total effective FOV of those viewing areas is 3.1 times larger compared
with our previous system. The lateral resolution and the accuracy of the phase measurement
were tested. Even through the accuracy of our system is inferior to that of the high-end sys-
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Fig. 9. Multiplexed hologram of paramecia and its reconstructed phase images. Source-
sensor distance ≈ 39.5mm, source-object distance ≈ 3.5mm, NA ≈ 0.14. (a) Multiplexed
grayscale hologram. (b) Enlarged highlighted part of (a). (c)-(f) Reconstructed phase im-
ages of different viewing windows. The length of the white bar in (c)-(f) equals 200µm. (g)
An image merged from four microscope photos with a 10x 0.25NA microscope objective
is provided to illustrate the imaging area of the system. The red rectangles 1-4 specify the
size and position of the reconstructed viewing windows of (c)-(f).
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Fig. 10. (a)-(d) Enlarged phase images of paramecia from Fig. 9. (e)-(f) Microscope images
captured with 10x 0.25NA microscope objective.

tems [35, 36], our accuracy within the effective FOVs are competitive with the accuracy of
other systems [37, 38]. And consider the cost-effectiveness of our system, our system could be
useful in many biological applications.
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Appendix A

Proof: M ≥ 1
2 fdδ

when M = W+d
d .

From Eq. (3), we can derive that the shifted frequency between two adjacent object terms
can be illustrated as

fsh =
d

Zλ
. (10)

As the spectra of the two object terms are tangential to each other,

fd =
fsh

2
=

d
2Zλ

. (11)

Substituting Eq. (9) and (11) into left side of the inequation, we will get

M =
W +d

d

=
W +d
2λZ fd

.
(12)

According to the relations between Z1, Z2 and Z, we have

Z =
M

M−1
Z2 =

W +d
W

Z2. (13)

#245688 Received 16 Jul 2015; accepted 25 Aug 2015; published 2 Oct 2015 
© 2015 OSA 5 Oct 2015 | Vol. 23, No. 20 | DOI:10.1364/OE.23.026779 | OPTICS EXPRESS 26792 



Then we can further rewrite the left side of the inequation, such that

M =
W

2λZ2 fd
. (14)

The resolution of the system can be estimated as

δ =
λ

2NA
=

λ

√
( 1

2W )2 +Z2
2

W
'

λZ2

W
(15)

Then,

Right side /
W

2λZ2 fd
= Le f t side. (16)
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