


ABSTRACT

Synthetic Apertures for Visible Imaging Using Fourier Ptychography

by

Jason Holloway

In long-range imaging, spatial resolution is predominantly limited by diffraction

blur. Diffraction blur is a fundamental limit that is determined by the diameter of the

lens used in the imaging system. In principle, the diameter of a lens can be increased

to circumvent diffraction. In reality, cost and manufacturing limitations place a limit

on the maximum diameter that can be achieved. Therefore, computational methods

are required to super-resolve the observed, blurry image and recover spatial resolution

lost to diffraction.

Macroscopic Fourier ptychography is proposed as a practical means to create a

synthetic aperture for visible imaging to achieve sub-diffraction limit spatial reso-

lution. In this thesis, two principle barriers to implementing Fourier ptychography

are addressed and resolved. First, a prototype imaging system is introduced to re-

cover high-resolution long distance images in a reflection imaging geometry. Second,

an image space regularization technique is developed to reconstruct optically rough

surfaces that exhibit speckle.

Experimental results demonstrate, for the first time, a macroscopic Fourier pty-

chography imaging system to achieve sub-diffraction resolution of optically rough

objects in a reflection geometry. Spatial resolution is increased six-fold over any

single captured image.
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Imaging objects from large standoff distances is a requirement in many computer

vision applications such as surveillance and remote sensing. In these scenarios, the

desired position of the camera is often so far from the object of interest as to be

invisible to the naked eye. However, imaging from large stand-off distances typically

results in low spatial resolution. While imaging a distant target, diffraction blur,

caused by the limited angular extent of the input aperture, is the primary cause

of resolution loss. As a consequence, it is desirable to use a large lens. However,

telephoto lenses of comparable f-numbers (f/#s) are typically an order of magnitude

more expensive and heavier than their portrait counterparts. For example, consider

imaging a subject at a distance of z = 1 km with a lens aperture diameter of d = 12.5

mm. Then the diffraction spot size is a λz/d ≈ 50 mm diameter diffraction blur size

at the object plane, completely blurring out important features, such as faces. If a

large lens (same focal length but with a 125 mm-wide aperture) is used instead, the

diffraction blur is reduced to a 5 mm diameter, which is small enough to enable face

recognition from 1 km away. Unfortunately, such telescopic lenses are expensive and

bulky and are thus rarely used.

In this thesis, we present a novel method in which a small lens that exhibits poor

resolution is used to emulate the performance of a significantly larger lens computa-

tionally. A high-resolution image is reconstructed by means of creating a synthetic

aperture for visible imaging. Synthetic aperture radar (SAR) imaging uses a sim-

ilar concept, but with one important caveat; unlike SAR, the phase of the optical

field cannot be directly measured. As such, the phase information is computationally

recovered in post-processing, whence a high-resolution (HR) image can be recon-

structed.

Fourier ptychography (FP) has emerged as a powerful computational imaging
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technique to improve spatial resolution in microscopy by stitching together multiple

low-resolution images to create a larger synthetic aperture [1]. FP takes advantage of

an implicit principle of coherent optical fields in which the direction of propagation

and the spatial frequencies present in the field are coupled. Images captured at

increasingly oblique angles between the illumination source and the object record the

intensities of increasingly higher spatial frequencies, albeit without phase information.

Redundancy between measurements permits computational recovery of the missing

phase, which in turn allows for the generation of the high-resolution synthetic aperture

image.

This thesis presents two main contributions:

• We extend macroscopic Fourier ptychography to create synthetic apertures for

visible imaging in both transmission and reflective imaging geometries

• We demonstrate, for the first time, sub-diffraction resolution for optically rough

surfaces, aided by a novel image space denoising regularizer

The organization of the thesis is as follows. The motivation for high-resolution

long-distance imaging and the reasons it is so difficult to achieve is presented in

Chapter 1. An image formation model for coherent light and the inherent nature of

diffraction blur is discussed in Chapter 2. In Chapter 3 the theory behind Fourier

ptychography (FP) is developed. Robustness and performance characteristics of FP

are explored in Chapter 4. An experimental procedure for extending FP to a macro-

scopic scale is described in Chapter 5. In Chapter 5.2, the latent potential of FP is

brought to fruition. A prototype designed to recover diffuse objects in a reflection

geometry is introduced and validated. Finally, in Chapter 6 open problems within

long-range imaging and additional research directions are discussed.
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Figure 1.1 : Diffraction blur limits in long-distance imaging: (a) Diffraction
blur spot size as a function of distance for common and exotic imaging systems. Con-
sumer cameras (shaded in the pink region) are designed for close to medium range
imaging but cannot resolve small features over great distances. Professional lenses
(green region) offer improved resolution but are bulky and expensive. Identifying faces
1 kilometer away is possible only with the most advanced super telephoto lenses, which
are extremely rare and cost upwards of $2 million US dollars [2]. Obtaining even finer
resolution (blue region) is beyond the capabilities of modern manufacturing; the only
hope for obtaining such resolution is to use computational techniques such as Fourier
ptychography. (b) Affordable camera systems (solid marks) are lightweight but can-
not resolve fine details over great distances as well as professional lenses (striped
marks) which are heavy and expensive. We propose creating a synthetic aperture
using affordable lenses and active lighting to achieve and surpass the capabilities of
professional lenses. Note: These plots only account for diffraction blur and do not
consider other factors limiting resolution (see Table 1.1 for more details).

1.1 Motivation

For a fixed focal length, spatial resolution in long-distance imaging is fundamen-

tally limited by diffraction blur. Diffraction blur is governed by the diameter of the

camera’s aperture—using a lens with a larger aperture will lead to increased spa-

tial resolution. Physically increasing the aperture diameter by building larger lenses

results in expensive, heavy, and bulky optics that must be attached to the camera
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system. Figure 1.1 illustrates the exponential increase in cost and weight of com-

mercial lenses as the focal length increases. The cost and weight are a consequence

of increasing lens diameter, as well as the plethora of corrective optics required to

counteract aberrations in the larger lenses. A system designer is faced with a difficult

choice: use a long focal length and pay for an enormous lens, or use a shorter focal

length and sacrifice spatial resolution. Breaking the dependency on having a large

lens diameter will drastically reduce the cost of long-distance imaging systems.

In other regions of the electromagnetic spectrum, the dependency on building

a large aperture has been broken. Synthetic aperture radar (SAR), for example,

improves radio imaging resolution by capturing multiple measurements of a static

object using a mobile recording platform, such as an airplane or satellite. When a

coherent source is used to illuminate an object, e.g. radar, the signal reflected back

from the object diffracts and spreads out over an area larger than the aperture of the

imaging device, leading to a loss of resolution. In SAR, radar pulses are directed at

the target and the Doppler shift in the signal returns is used to compute the distance

to points in the scene. As the antenna changes position, additional components of

the backscattered signal are recorded, which are combined to simulate the signal

that would have been acquired using a single antenna with a significantly larger

aperture [3]. Imaging a distant object with coherent visible illumination, e.g. a laser,

results in the same diffraction phenomenon, so it stands to reason that solutions in

radio imaging can also improve spatial resolution in optical imaging.

In this thesis, we seek to extend the concept of SAR to synthetic apertures for

visible imaging (SAVI) to enable long-distance, sub-diffraction imaging (Figure 1.2).

Stitching together multiple radar returns is possible because the antenna directly

measures the full complex wave (amplitude and phase). The frequencies used in
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SAR are typically on the order of 106–109 Hz, while the frequency of visible light is

on the order of 1014 Hz. Modern antennas can easily record time signals with the

picosecond resolution necessary to measure the phase of a radar return. To make a

comparable measurement using visible light a detector would have to continuously

record information with a time resolution greater than one femtosecond, a requirement

well beyond the capabilities of current devices. As such, camera sensors only record

the intensity of the incoming wave and have no information regarding the phase.

Directly transferring the reconstruction techniques used in SAR to SAVI is, therefore,

impossible.

1.2 Factors that Limit Resolution in Long-Distance Imaging

Several inter-related factors limit image resolution at long ranges as seen in Table 1.1.

We classify these factors as being intrinsic to the imaging system (e.g. diffraction)

and extrinsic to the imaging system (e.g. turbulence).

Pixel Size: A number of prior works have developed techniques to overcome

pixel-limited resolutions by capturing a sequence of images with sub-pixel translations

[18]. For this class of solutions, camera motion is required between each exposure.

Inter-frame translation is achieved using either small sensor movements, lens defocus,

or movements of the entire imaging system [19]. However, current sensor pixels are

approaching the diffraction limit of visible light (1.2 µm pixels are commercially

widespread), and thus pixel sampling limits are not as critical a limitation to many

current and future imaging platforms as in the past.

Diffraction: Perhaps the most challenging impediment to capturing high-resolution

images over a large distance is optical diffraction caused by the finite aperture size

of the primary imaging lens. While a wider lens will lead to a sharper point-spread
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Figure 1.2 : Creating synthetic apertures to improve image resolution: Ob-
jects illuminated with a coherent wave reflect a signal back toward the detector that
diffracts to an area larger than the aperture of the receiver. a) Synthetic aperture
radar (SAR) is a technique to increase the resolution of mobile radar imaging systems
by stitching together individual measurements recorded for different locations of the
aperture. b) We extend the principles of SAR to create synthetic apertures for visible
imaging (SAVI). A coherent source, e.g. laser, illuminates a distant target, and a
camera captures a portion of the reflected signal. The camera system is translated
to capture all of the light that would enter the desired size of the synthetic aperture.
Unlike SAR, phase information cannot be recorded for visible light, which necessitates
computational recovering the phase post-capture to create a high-resolution image.
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Table 1.1 : Intrinsic and extrinsic factors which limit resolution in long range imaging

Resolution Limit Primary Cause Intrinsic/
Extrinsic

Example solutions

Diffraction Finite aperture
acceptance angle

Intrinsic Synthetic aperture via
holography, Fourier
ptychography

Sampling Finite pixel size Intrinsic Multi-image
super-resolution [4],
dithering [5], camera
arrays [6]

Aberrations Finite lens track
length/ design
complexity

Intrinsic Additional optical elements,
precalibration and digital
removal [7, 8], adaptive
optics [9]

Noise Sensor readout, shot
noise

Intrinsic/
Extrinsic

Image averaging,
denoising [10]

Turbulence Air temperature,
wind shear

Extrinsic Adaptive optics [11], lucky
imaging [12, 13, 14]

Motion Camera and/or
scene motion

Extrinsic Flutter shutter [15, 16],
invariant blur [17]

function for a fixed focal length, it will also create proportionally larger aberrations.

Additional optical elements may be added to the lens to correct these aberrations,

but these elements will increase the size, weight, and complexity of the imaging

system [20]. The main focus of this work is to address this diffraction-based resolution

limit with a joint optical capture and post-processing strategy. We use a small,

simple lens system to capture multiple intensity images from different positions. In

our initial experiments, our prototype uses a single camera on a translation stage

that captures images sequentially (in approximately 90 minutes). We fuse captured

images together using a ptychographic phase retrieval algorithm. The result is a high-

resolution complex reconstruction that appears to have passed through a lens whose
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aperture size is equal to the synthetic aperture created by the array of translated

camera positions.

Additional causes of resolution loss: We do not explicitly address the four

remaining causes of resolution loss in this thesis. We now mention their impact both

for completeness and to highlight additional alternative benefits of the ptychographic

technique. First, intrinsic lens aberrations limit the resolution of every camera. Sec-

ond, turbulence is a large source of image degradation, especially when long exposure

times are required. Finally, noise and possible motion during the camera integration

time lead to additional resolution loss.

While not examined here, ptychography captures redundant image data that may

be used to simultaneously estimate and remove microscope [21] or camera [22] aber-

rations. Recent work suggests that, under certain conditions, motion in the scene

may also be accounted for [23]. Redundant data is also helpful to address noise lim-

its. Furthermore, while yet to be demonstrated (to the best of our knowledge), is

not hard to imagine that similar computational techniques may help estimate and

remove external aberrations caused by turbulence, especially as our procedure simul-

taneously recovers the incident field’s phase. Ptychographic techniques thus appear

ideally suited for overcoming the long-distance image resolution challenges summa-

rized in Table 1.1. In this thesis, we address a limited problem statement; namely,

can a ptychographic framework be extended to achieve sub-diffraction resolution at

large standoff distances?

1.3 Techniques for improving spatial resolution

Computationally improving camera resolution is a longstanding goal in imaging sci-

ences. Here, we summarize the prior work most relevant to improving image resolution
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Figure 1.3 : Comparison with multi-image super-resolution under large
diffraction blur Left: When diffraction blur is not much larger than a pixel, conven-
tional multi-image super-resolution methods achieve a 2× improvement in resolution
while the proposed method offers a 4× improvement in this example. Right: Under
extreme diffraction blur, conventional methods break down and offer no improve-
ment. Only with the proposed method can distinct image features be recovered. The
diffraction spot size for each scenario is represented by the pink circle on the sensor
grid.

in long-distance imaging.

1.3.1 Multi-image incoherent super-resolution

The working principles behind the techniques used in this thesis require spatially

coherent light to provide sufficient measurement diversity to permit image super-

resolution. A drawback of using coherent illumination is the need to provide the light

in the first place, that is, the imaging system requires active illumination. It would

be far more convenient not to require any additional illumination and make do with

the ambient light, as is done in conventional photography.

Multi-image super-resolution has received much attention over the past 20 years

(see [4] for a comprehensive survey of the field) and continues to be an important
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area of study in modern camera arrays [24, 25]. However, the overall improvement

in resolution has been modest; practical implementations achieve no more than a 2×

improvement [26, 27, 28]. Exemplar-based efforts to improve the super-resolution

factor beyond 2 use large dictionaries to hallucinate information [29, 30] and offer no

guarantees on fidelity. Even these techniques are typically limited to producing a 4×

improvement in spatial resolution [30].

In this thesis, we present a technique that can, in theory, improve resolution

all the way to the diffraction limit of light (e.g. below a micron for visible light).

Our experimental results clearly indicate significant resolution enhancements over

and above those achieved by traditional multi-image techniques, particularly in the

regime of large diffraction blur.

In Figure 1.3, we simulate super-resolution gains using a conventional imaging

system and our proposed imaging system. A 512×512 pixel resolution target (shown

in full in Figure 3.1) is imaged onto a 64× 64 pixel sensor with a pixel pitch of 2 µm,

for an 8× loss in resolution. In the left column of Figure 1.3, a lens with a large aper-

ture (f/5.6) produces a diffraction spot size of 3.7 µm. Due to the pixel sampling,

the smallest discernible features belong to group 12. Common multi-image super-

resolution techniques such as Papoulis-Gerchberg super-resolution [31, 32], robust

super-resolution [33], and normalized convolution [34] yield comparable 2× improve-

ment, resolving features in group 6. These algorithms are implemented using code

made available from [35]. SAVI provides even greater resolution, resolving features

down to group 3, for a four-fold improvement (purple box). Full details regarding the

proposed image acquisition and recovery process are provided in subsequent sections.

In the presence of large diffraction blur, conventional super-resolution methods fail

to improve spatial resolution to any appreciable degree. Figure 1.3 (right) illustrates
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the same imaging scenario as before but using a lens with a smaller diameter. Using a

f/32 lens results in diffraction blur of 21.5 µm. Conventional methods fail to recover

any spatial information, whereas our proposed active imaging system can resolve

features in group 12 and separates the smaller groups into distinct features. We will

restrict our scope to the regime of large diffraction blur, where conventional super-

resolution methods are ill-suited for improving resolution; however, the proposed

solution may also improve spatial resolution for imaging systems with small diffraction

blur.

Camera Arrays: Camera arrays comprised of numerous (>10) cameras, have

been proposed as an efficient method of achieving a depth-of-field that is much nar-

rower than that of a single camera in the array. Large arrays, such as the Stanford

camera array [6], demonstrated the ability to computationally refocus a scene post-

capture. Camera arrays are also well-suited to astronomical imaging. The CHARA

array [36] is a collection of telescopes (each with a diameter of 1 meter) on Mount

Wilson in California which are jointly calibrated to resolve small astronomical fea-

tures (angular resolution of 200 microarcseconds), using a synthetic aperture with a

diameter of 330 meters.

Commercial camera arrays such as PiCam [25] and Light∗ are becoming increas-

ingly popular and have demonstrated resolution improvement. However, their appli-

cations are typically limited to improving resolution limits imposed by pixel subsam-

pling. They do not naturally extend to overcome the limits of diffraction blur.

Holography: Since its discovery in 1948 by Gabor [37], holography has been

a powerful tool for capturing the complex light field of a scene. A hologram uses a

reference beam to interferometrically encode both amplitude and phase information of

∗http://light.co
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an object directly onto a recording medium, and thus preserves the optical field of the

scene. Unlike traditional photography, holography requires special care during data

capture (to prevent motion and to limit ambient light contamination) and a custom

viewing platform. In microscopy, where all variables can be carefully controlled,

holography is a powerful tool [38].

Holographic systems measure the phase of the complex field incident on the

detector, permitting a relatively straightforward implementation of synthetic aper-

ture imaging. Holography has been extended to create synthetic apertures in mi-

croscopy [39] and on-axis holography [40]. Of particular interest are off-axis tech-

niques which are more applicable to long-distance imaging. Early efforts to create

synthetic apertures in an off-axis geometry found moderate success; spatial resolu-

tion was improved by 2.5− 3× at a working distance of less than one meter [41, 42].

Recently, Tippie et al. [43] demonstrated an off-axis holographic method for creating

a synthetic aperture at a large stand-off distance. In their experiment, a CCD sen-

sor 3.32 meters away from the object was translated in-plane to create a synthetic

aperture approximately 10.8× larger than the detector size. Following processing and

correction for optical path differences, a high-resolution image with 9.5× improvement

in resolvability was reconstructed.

Alternative methods to improve resolution: The primary technique to im-

prove image resolution in long-distance imaging is simply to build a larger telescope.

On the scale of portable imaging systems, this typically means removing large glass

optical elements in favor of catadioptric lens designs, where a mirror reflects light

through a much smaller lens. Other techniques for improving resolution include lucky

imaging to mitigate atmospheric turbulence [12, 13, 44] in terrestrial imaging. In as-

tronomical imaging, motion tracking [45, 46] and speckle imaging [47, 48, 49] are
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common methods to improve image resolution. These latter approaches tackle exter-

nal factors limiting resolution but do not address the effects of diffraction on spatial

resolution.

1.4 Concluding Remarks

Improving spatial resolution in long-distance images that exhibit severe diffraction

is a challenging problem has yet to be solved in a practical and affordable manner.

Existing solutions either requires buying a larger lens, which is shown in Figure 1.1

to be an expensive prospect, or require sufficient access to the scene to be able to

place a reference beam for holographic image acquisition.

The work most closely related to this thesis is the synthetic aperture holographic

setup proposed by Tippie et al. [43]. There are two important differences between

holography and the proposed Fourier ptychographic method: 1) FP does not require

a reference beam and 2) FP is more amenable to working in ambient illumination. In

a long distance imaging situation, it is not possible to place a reference beam next

to the object of interest. An additional shortcoming of using holography is that the

field is directly sampled by the detector, which requires that there be no ambient

illumination, an unlikely scenario in long-distance imaging. FP is a reference-less

coherent imaging technique where phase information is computationally recovered,

and where the lens in front of the image sensor rejects ambient light near the detector.

Of course, FP does incur costs that holography does not. There is an additional

computational complexity that is required to recover the phase. There is also a

sampling penalty; significantly more overlap is necessary between captured images

for successful convergence of the phase retrieval algorithm. Tippie et al. have an

overlap of 50% between neighboring images to allow for robust image alignment, the
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approach described in this thesis requires a significantly larger overlap of 72%− 76%.

In the next chapter, the image formation model for long-distance imaging with

coherent light is developed, and the effect of the aperture diameter on imaging per-

formance is detailed.

1.4.1 Disclaimer

The results in this thesis, and in large part, the text of this thesis is adapted from:

J. Holloway, M. S. Asif, M. K. Sharma, N. Matsuda, R. Horstmeyer,

O. Cossairt, and A. Veeraraghavan, “Toward Long-Distance Subdiffrac-

tion Imaging Using Coherent Camera Arrays,” IEEE Transactions on

Computational Imaging, vol. 2, pp. 251-265, Sept 2016.

as well as a manuscript in currently in preparation:

J. Holloway, Y. Wu, M. K. Sharma, O. Cossairt, and A. Veeraragha-

van, “SAVI: Synthetic Apertures for Long-Range, Sub-diffraction Visible

Imaging Using Fourier Ptychography,” In preparation.
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Chapter 2

Imaging at Large Distances
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a) Transmission geometry b) Reflection geometry

Figure 2.1 : Transmissive and reflective coherent light propagation: A plane
wave with unit amplitude either passes through, or reflects from, an object. The
resulting field diffracts toward a camera some distance away.

In this chapter, we will review the image formation process as a spatially coherent

monochromatic light field leaves a distant scene and propagates toward a camera. The

coherent fields of interest in imaging applications are complex-valued 2D functions

that map propagating light to a set of electric field amplitude (A(x)) and phase (θ(x))

values:

U(x) = A(x)ejθ(x), (2.1)

where j is the imaginary number and x is the vector representing spatial coordi-

nates (x, y). In contrast to incoherent imaging, this complex phasor representation

encompasses the effects of interference and diffraction.

2.1 Image formation with coherent illumination

In this thesis, we use an active illumination imaging geometry; that is, illumination

from a coherent source interacts with the object of interest and the resulting field

propagates toward a camera. An example of the two imaging scenarios explored in
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Chapter 5 is shown in Figure 2.1. We are primarily concerned with the field emanating

from the surface of the object toward the camera, which is a constant 2D complex

wave, ψ(x). A general formulation of the propagation of ψ(x) toward the detector is

presented below.

Without loss of generality, the image formation model will be described in terms

of the reflection geometry shown in Figure 2.1(b). The illumination field is a plane

wave with wavelength λ that is spatially coherent across the surface of the object of

interest. The resulting field, ψ(x), propagates over a sufficiently large distance z to

satisfy the far-field Fraunhofer approximation∗.

The aperture of the lens lies on the plane S(u, v), which is perpendicular to the

direction of diffraction and at a distance z from the object. The field at the aperture

plane of the camera is related to the field at the object through a Fourier transform

[50]:

Ψ(u) =
ejkze

jk
2z

(‖u‖2)

jλz
F 1
λz
{ψ(x)}, (2.2)

where u is the vector representing the Fourier conjugate coordinates (u, v) of (x, y),

k = 2π/λ is the wavenumber, and F 1
λz

is the two-dimensional Fourier transform

scaled by 1
λz

. For simplicity, we will drop the multiplicative phase factors and the

coordinate scaling from the analysis, though these can be accounted for after phase

retrieval if desired.

The field that intercepts the pupil of the imaging system, Ψ(u), is effectively the

Fourier transform of the field at the object plane. Due to the finite diameter of the

lens, only a portion of the Fourier transform is imaged onto the camera sensor. Let

the transmittance of the pupil be given by P (u). For an ideal circular lens, P (u)

∗A more detailed analysis using Fresnel propagation is provided in Appendix A.
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would be defined as:

P (u) =





1 if ‖u‖ < d/2,

0 otherwise,

(2.3)

where d is the diameter of the lens.

The camera lens is focused on the image sensor, and therefore also fulfills the

Fraunhofer approximation [50], such that the field at the sensor plane (again ignoring

phase offsets and scaling) is the Fourier transform of the field immediately after the

lens.

The operating frequency of the detector is on the order of 100− 102 Hz, orders of

magnitude slower than the frequency of the incident light wave (1014 Hz). Therefore,

the sensor is only able to measure the optical intensity of the field. The final image

recorded by the sensor is given as:

I(x, c) ∝ |F {Ψ(u− c)P (u)}|2 , (2.4)

where c is the center of the pupil. In Eq. (2.4), the shift of the camera aperture

to capture different regions of the Fourier domain is represented by the equivalent

shift of the Fourier pattern relative to the camera. Due to the finite extent of the

lens aperture, the recorded image will not contain all of the frequency content of the

propagated field Ψ(u). As we will see in Section 2.2, for a lens with diameter d and

focal length f , the smallest resolvable feature within an image will be approximately

1.22λf/d µm.

2.1.1 Speckle

When coherent light reflects off of an object, each point along the surface acts as

a secondary source of spherical illumination. The constituent components of the
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reflected optical field will be comprised of a summation of each of the secondary

sources. If the variation in path length exceeds the wavelength of the incident light,

λ ∼ 500 nm, the secondary sources will be out of phase with one another. Summation

of the dephased point sources leads to destructive interference which manifests as

speckle [51, 52].

To analyze the effect of surface variation we follow the random walk formulation

of [53]. Let there be an arbitrarily large number secondary sources, each with a

statistically independent amplitude and phase. If the variation of surface height is

at least equal to λ and is uniformly distributed, the distribution of phase for the

secondary sources will be uniform in the interval [−π, π]. Note, if the height variation

exceeds the wavelength of the illumination, the phase will wrap back into the interval

[−π, π]. For any point in the optical field, the probability of measuring an intensity

I (squared modulus of the field) follows a negative exponential distribution [53]:

p(I) =
1

µ
e−

I
µ for I ≥ 0, (2.5)

where µ is the mean intensity. It should be noted that Eq. (2.5) holds for fully-

developed speckle whereby polarized light maintains its polarization state after re-

flection. Most real-world objects exhibit subsurface scattering that destroys the po-

larization state of the incident light. In such a situation, the intensity distribution is

given as [54]:

p(I) = 4
I

µ2
e−2 I

µ for I ≥ 0. (2.6)

For this thesis, it suffices to say that speckle intensity follows a negative exponential

distribution.
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2.2 Diffraction blur

A natural consequence of imaging with a lens of finite diameter is a subsequent upper

bound on spatial resolutions transmitted to the image plane. In a coherent imaging

system, the coherent transfer function (CTF) defines the imaging system’s response

in the Fourier domain. The CTF is inherently linked to the impulse response and

point spread function of the lens through a Fourier transform.

The forward model described in Section 2.1 is a succession of linear operators up

until the sampling performed by the digital sensor. Therefore, we can use the expan-

sive toolset developed for linear shift invariant systems from digital signal processing

to characterize the effect the aperture has on the image formed at the sensor plane

(this does not include the sampling performed by the sensor). From Eq. (2.4) we see

that the pupil function is point-wise multiplied with the propagated field Ψ(u − c)

in the Fourier domain. A property of Fourier transforms is that a point-wise mul-

tiplication in the frequency domain is a convolution in the spatial domain and vice

versa [55]. The response to an impulse fully characterizes the behavior of a linear

shift-invariant system. Diffraction blur is defined to be the impulse response of the

aperture.

For the imaging systems considered here, an impulse corresponds to a point source

at infinity, or at least far enough from the camera to satisfy the Fraunhofer condi-

tions [50]:

zFar-Field >
2d2

λ
. (2.7)

Taking Fourier transform of an infinitesimal point in the spatial domain results in a

complex exponential with constant amplitude in the frequency domain. Therefore,

the field that intercepts the aperture of the imaging system will be a plane of uniform
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intensity. The finite support of the aperture results in the partial transmission of the

incident wavefront. Because the converging spherical waves that result from the lens

focusing onto the image sensor also satisfies the Fraunhofer approximation (as noted

in Section 2.1), the Fraunhofer approximation may be used to analyze the response

of the pupil.

Here we consider the response of an aperture with a circular support as in Eq. (2.3),

though the Fraunhofer approximation can be solved for any arbitrary support. It

can be shown, through a change to spherical coordinates and via the Fourier-Bessel

transform, that the field at the detector is [50, 56]:

U(r) = ejkzej
kr2

2z
πd2

4jλz

[
2
J1(kdr/2z1)

kdr/2z1

]
, (2.8)

where r is the radius coordinate in the sensor plane, z1 is the distance between the

aperture and the sensor, and J1(·) is a Bessel function of the first kind of order one.

The intensity recorded by the detector is thus:

I(r) =

(
2d2

4λz

)2 [
2
J1(kdr/2z1)

kdr/2z1

]2

. (2.9)

For a derivation of the above impulse response of a circular aperture, the interested

reader is directed to [56] for a particularly easy to follow explanation.

In photography, the response of a circular lens is often defined by the main lobe of

the Airy pattern and is measured as the distance between the first nulls encountered

in a cross-section of Eq. (2.9). The first minimum of J1(x′) occurs when x′ = 3.82 [57].

Rearranging the argument of the Bessel function in Eq. (2.9) shows that the radial

distance to the first null is

rAiry = 1.22
λz

d
≈ 1.22

λf

d
. (2.10)

For the long range imaging scenarios presented in this thesis, it is often useful to

approximate the distance between the aperture and sensor plane as equal to the focal
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length of the lens. It follows from the thin lens law:

1

f
=

1

z1

+
1

z2

, (2.11)

that when the distance between the object and aperture (z2) is much greater than

the distance between the aperture and the sensor z1 ≈ f .

The response of the circular aperture is often approximated as a disk with ra-

dius rAiry and is the so-called Airy disk, named for G.B. Airy who first derived the

equations for the intensity distribution in Eq. (2.9). As a consequence of Eq. (2.10),

energy from a point is spread out over a finite area on the detector. If the point

spread function (i.e. the diameter of the Airy disk) is larger than one pixel on the

image sensor, adjacent points in the scene will contribute to each others’ intensity

measurement. If the distance between the two points is less than rAiry on the sensor

plane, the points will be indistinguishable.

The stated goal of this thesis is to achieve sub-diffraction resolution in long-

distance images. To achieve sub-diffraction resolution is to be able to differentiate

points closer together than rAiry. One approach to improve spatial resolution will be

considered in Chapter 3.

2.2.1 Subjective Speckle Size

In Section 2.1.1, it was shown that secondary scattering from the surface of an opti-

cally rough object would undergo destructive interference that results in speckle. The

size of laser speckle formed on the object is defined as a statistical average between

adjacent regions of intensity extrema that depends on the aperture of the illumination

source.

When the object is focused onto a digital sensor, a subjective speckle field is
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observed [54]. The subjective speckle size σ is given as:

σ ≈ 1.22
λf

d
. (2.12)

That is to say, the parameters of the imaging system determine the size of the observed

speckle at the sensor plane.

We can infer that if the subjective speckle diameter is on the order of the radius

of the Airy disk at the sensor plane, the effective resolution of the system will be

reduced. Speckles will obscure features on the order of σ as it will not be possible to

attribute intensity variations to the underlying signal or to the speckles themselves.

It is then said that the effective diffraction blur size of a diffuse scene is ≈ 2.44λf
d

, or

double Airy disk size [58].

2.3 Concluding Remarks

From Eq. (2.10) and Eq. (2.12), it is clear that the diameter of aperture—to a large

degree—determines the resolution of the imaging system. This suggests that to get

the greatest return on the investment of effort, time, and resources, one should focus

on increasing the aperture of the lens. Short of a breakthrough in manufacturing

technology that greatly reduces cost and thickness, the only recourse is to increase

the aperture size artificially. In the next chapter, a computational method of creating

synthetic apertures for visible imaging will be introduced.
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Chapter 3

Fourier Ptychography for Aperture Synthesis
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Aperture synthesis is an oft-used technique in radar imaging to improve spatial

resolution by reducing diffraction blur. In this chapter, we will describe a general

procedure to synthesize apertures for visible imaging. We also outline important

limitations in sampling requirements, such as the required degree of overlap between

redundant measurements, and characterize the expected improvement in spatial res-

olution. We analyze reconstruction performance under various scenarios to study

the effects of noise, required degree of image overlap, and other important parame-

ters and show that under practical imaging scenarios, synthetic apertures for visible

imaging have the potential to greatly improve imaging performance. Finally, we ad-

dress the challenging problem of recovering phase for optically rough objects which

exhibit random phase, and for this difficult class of objects we introduce a novel sam-

pling method to drastically reduce the number of measurements required to recover

a high-resolution estimate.

3.1 Fourier Ptychography

Recent advances in Fourier ptychography have demonstrated that one can image be-

yond the diffraction limit of the objective lens in a microscope [1]. FP typically

captures multiple images using a programmable coherent illumination source and

combines these images using an appropriate phase retrieval algorithm. It is also pos-

sible to implement ptychography by keeping the illumination source fixed, and instead

spatially shifting the camera aperture [59]. Under this interpretation, ptychography

closely resembles the technique advocated in this paper to improve resolution via

a synthetic aperture for visible imaging. The goal of SAVI is to recover both the

amplitude and the phase of an optical field incident upon multiple spatially offset

camera positions, across the entire angular extent of the aperture. This matches the
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goal of creating a synthetic aperture via holography [39, 40, 41], but without directly

measuring the phase of the incident field.

Extending FP into a practical solution for long distance imaging faces several

challenges. Microscopy benefits from small working distances between the source and

detector, which leads to relaxed tolerances on illumination strength and coherence

length. Objects imaged with a microscope are often transparent and do not drastically

alter the phase of the illumination wave as it passes through to the camera. Imaging

everyday objects, on the other hand, are orders of magnitude further away from the

image sensor need to be illuminated with lasers. The surfaces of macroscopic objects

are often optically rough, and randomly alter the phase of illumination wave which

results in the formation of speckle at the imaging plane.

Data dimensionality is also a concern with FP, the number of measurements grows

quadratically with a linear increase in aperture diameter. Sampling schemes proposed

to reduce the number of measurements are designed for weakly scattering biological

samples and are ill-suited for the strong scattering of rough objects.

3.1.1 Related Work in Fourier Ptychography

Fourier ptychography is an alternative method creating a synthetic aperture by sam-

pling a diverse set of regions in Fourier space. Unlike holography, FP does not re-

quire the use of a reference beam to encode phase information. The phase of the

complex field is recovered computationally in post-processing. FP has found much

of its success in microscopy. Early efforts by Kirkland et al. [60, 61] demonstrated

that multiple images recorded with different incident beam tilts could be used to

effectively double image resolution. Zheng et al. [1] provided a complete framework

for FP microscopy and demonstrated wide-field high-resolution imaging. Subsequent
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research has improved the quality of FP reconstructions by characterizing the pupil

function [21], digitally removing optical aberrations [22], and refocusing the recovered

image post-capture [59]. FP microscopy (where the illumination direction is varied)

inherently assumes that the sample may be modeled as a thin object. Extensions for

thick biological samples [62, 63, 64] have been proposed at the expense of increased

computational complexity.

Dong et al. [65] and Tian et al. [66] independently demonstrated that mutually-

incoherent sources could be multiplexed to drastically reduce acquisition time and

increase signal strength. Sparse measurement masks can also be used to reduce

the amount of data needed at each illumination position [67]. Acquisition time can

also be reduced by leveraging the weakly scattering nature of biological samples to

undersample portions of the Fourier domain [68].

For FP to be a feasible technique to improve spatial resolution in long-distance

imaging, two adaptations have to be made from a microscopy configuration. First,

the separation distance between the object and camera is orders of magnitude larger.

Second, the illumination source must be moved to the same side of the object as

the camera to operate in a reflection imaging geometry. Dong et al. [59] succeeded

in the first task and scaled up the working distance to 0.7 m. In Chapter 5.1, a

macroscopic FP imaging system in transmission mode is demonstrated in which the

working distance is extended to 1.5 m.

Reflective FP microscopy has been proposed by Pacheco et al. [69], Salahieh [70],

and Ou et al. [71]. In each of these implementations, the illumination path is co-

located with the imaging path by use of a beam-splitter. Additionally, the systems

were either designed for small working distances, [69, 71], or have poor reconstruction

performance [70]. In Chapter 5.2, we demonstrate a system where the illumination
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and imaging arms are separated, allowing for much greater flexibility in designing a

full-scale system.

The results presented in Chapter 5.2 also differ from prior work in one key aspect;

we demonstrate FP for optically rough surfaces, that is, surfaces that produce speckle.

This is more conducive to imaging everyday objects which scatter incident light in

random directions. Low-resolution images of optically rough objects do not follow

the nicely structured diffraction pattern of weakly scattering objects.

3.1.2 Phase Retrieval

At the heart of FP is the requirement to recover the phase of the light field at the

aperture plane of the lens, which subsequently provides knowledge of the field at the

object plane. Phase retrieval is also an important step in standard ptychography∗

and many of the techniques used in FP are borrowed from these earlier efforts.

Phase retrieval is the problem of recovering a complex field solely from the mag-

nitude of its’ Fourier transform. In the context of the image formation model in

Chapter 2, it is the field at the aperture plane Ψ(u) that is recovered from its Fourier

magnitude,
√
I(x). Recovering Ψ(u) can be written as

find Ψ(u)

subject to I(x) = |F {Ψ(u)P (u)}|2 .
(3.1)

The problem in Eq. (3.1) is extremely ill-posed. For any given magnitude measure-

ment, I(x) ∈ RN , the phase can be chosen from an N -dimensional set. In general,

distinct phases correspond to different signals and the feasible set of Eq. (3.1) lies

∗In standard ptychography, the field is directly detected by the sensor without the aid of an

imaging lens. Ptychography is commonly used with x-ray sources where no focusing lenses are

available.
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on an N -dimensional manifold. Fourier ptychography mitigates the ill-posedness of

phase retrieval by oversampling the Fourier transform. The exact means by which

FP samples the Fourier plane is discussed in the next section.

In general, closed-form solutions for recovering phase information require pro-

hibitively large datasets to be practical [72, 73]. Iterative solutions are thus preferred

for ptychographic reconstruction. A common formulation of phase retrieval is to cast

the reconstruction as an optimization problem of the form

Ψ̂(u) = arg min
Ψ(u)

∑

i

∥∥I(x)− |F {Ψ(u)P (u)}|2
∥∥

2
. (3.2)

Setting the data fidelity term of the reconstruction to be the L2 error between mea-

sured and estimated intensities results in a non-convex optimization problem.

Early approaches to solve Eq. (3.2) suffered from significant disadvantages. One

of the earliest iterative solvers, the error reduction scheme of Gerchberg and Saxton

(GS) [74] will provably converge. However, due to the non-convexity of Eq. (3.2), GS

has limited abilities to converge to a correct solution. The hybrid input-output (HIO)

scheme of Fienup [75] sought to mitigate some of the issues in the error reduction

formulation by introducing additional correction terms in the spatial domain. Unlike

error reduction, HIO is not guaranteed to converge, but when it does converge the

reconstruction is often of good quality.

Despite the drawbacks to these early methods, variants of GS and HIO are often

adopted in modern iterative approaches. In addition to the iterative Gerchberg-

Saxton-Fienup style update, modern algorithms also seek to recover information

about the support of the limiting aperture. Maiden and Rodenburg [76] introduced

the ePIE technique in conventional ptychography to jointly estimate the field at the

detector and the probe used for illumination. Ou et al. [21] adapted ePIE for use

in FP whereby the pupil function is jointly estimated with the field at the aperture
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plane, which is shown to improve reconstruction quality. Experimental robustness of

various phase retrieval algorithms was characterized by Yeh et al. [77] who conclude

that using second-order gradient descent methods provide the best results.

3.2 Aperture Synthesis for Visible Imaging

Ptychography presents one strategy to overcome the diffraction limit by capturing

multiple images and synthetically increasing the effective aperture size. The images

are used to recover the high-resolution complex field in the aperture plane, which

effectively recovers a high-resolution image of the object as the two fields are connected

through a Fourier transform.

To recover the synthetic aperture, we re-center the camera at multiple locations, ci,

and capture one image at the ith camera location, for i = 1, . . . , N . This transforms

Eq. (2.4) into a three-dimensional discrete data matrix where each entry along the

third dimension samples a different region of the Fourier plane. The N images can be

captured in a number of ways; one can: physically translate the camera toN positions,

construct a camera array with N cameras to simultaneously capture images, fix the

camera position and use a translating light source, or use arbitrary combinations of

any of these techniques.

If we select our aperture centers such that they are separated by the diameter of

the aperture d across a rectilinear grid, then we have approximately measured values

from the object spectrum across an aperture that is
√
N times larger than what is

obtained by a single image. Thus, it appears that such a strategy, capturing N images

of a coherently illuminated object in the far field, may be combined to improve the

diffraction-limited image resolution† to 1.22λf/
√
Nd.

†It should be noted that it is not possible to improve resolution below the diffraction limit of
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Movement of apertures 
across spectrum

δ

0, 0

(c) Observed image mosaic (d) Detail of observed images

(a) Ground truth resolution chart (b) Resolution chart Fourier magnitude

N/2, 0
√

0, N/2
√

N/2, N/2
√ √

Figure 3.1 : Sampling the Fourier domain at the aperture plane: For a given
high-resolution target (a) with constant phase, the corresponding Fourier transform is
formed at the aperture plane of the camera (b). The lens aperture acts as a bandpass
filter, only allowing a subset of the Fourier information to pass to the sensor. A larger
aperture may be synthesized by scanning the aperture over the Fourier domain and
recording multiple images. (c) The full sampling mosaic acquired by scanning the
aperture. The dynamic range has been compressed by scaling the image intensities
on a log scale. (d) Larger detail images shown of four camera positions, including the
center. Image intensities have been scaled linearly, note that only high frequency edge
information is present in the three extreme aperture locations. Please view digitally
to see details.
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However, since our detector cannot measure phase, this sampling strategy is not

effective as-is. Instead, it is necessary to ensure the aperture centers overlap by a

certain amount (i.e., adjacent image captures are separated by a distance δ < d

along both u and v directions). This yields a certain degree of redundancy within

the captured data, which a ptychographic post-processing algorithm may utilize to

simultaneously determine the phase of the field at the aperture plane S(u). Typically,

we select δ ∼ 0.25d, which is based on results shown in Figure 4.2. An overview of

the sampling function and example images recorded with the aperture acting as a

bandpass filter of the Fourier transform Ψ(u) is shown in Figure 3.1.

Next, we detail suitable post-processing strategies that convert the data matrix

I(x, c) into a reconstruction of the high-resolution complex object.

3.2.1 Phase Retrieval With Pupil Function Recovery

For the recovery method used in this thesis, we expand upon the image recovery

algorithm proposed by Ou et al. [21] and extended by Tian et al. [66], in which both

an estimate of the high-resolution field Ψ(u) and an estimate of the pupil function

P (u) are recovered. From Eq. (2.2), recovering Ψ(u) effectively recovers ψ(x), as

the fields are related through a Fourier transform. We seek to solve the following

optimization problem,

Ψ̂(u), P̂ (u) = arg min
Ψ(u),P (u)

∑

i

∥∥I(x, ci)− |F {Φ(u, ci)}|2
∥∥, (3.3)

where Φ(u, ci) is the optical field immediately following the aperture at the ith posi-

tion, Φ(u, ci) = Ψ(u− ci)P (u).

the light source 1.22λ/2, though practical considerations will prevent this from being a concern in

macroscopic FP
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As previously mentioned, phase retrieval is typically solved using an iterative

update scheme similar to those popularized by Gerchberg-Saxton [31] and Fienup [78].

In the mth iteration, the estimate of Φ(u) is propagated to the image plane for each

camera position ci, whereupon the measured image intensities are enforced:

Φm(u, ci) = Ψm(u− ci)P (u), (3.4)

φm(x, ci) = F−1 {Φm(u, ci)} , (3.5)

φm+1(x, ci) =
√
I(x, ci)

φm(x, ci)

|φm(x, ci)|
, (3.6)

Φm+1(u, ci) = F
{
φm+1(x, ci)

}
. (3.7)

Differences between successive estimates of the field Φ(u, ci) are used to update

the estimates of Ψ(u) and P (u) in the Fourier domain. Following the formulation

in [66], the estimate of Ψ(u) is given by,

Ψm+1(u) = Ψm(u) +
|Pm(u + ci)|
|Pm(u)|max

[Pm(u + ci)]
∗

|Pm(u + ci)|2 + τ1

× [Φm+1(u− ci)− Φm(u− ci)]. (3.8)

The adaptive update step size |Pm(u + ci)|/|Pm(u)|max, is used in [66] and is based

on the work of Rodenburg and Faulkner [79]. The contribution of the pupil function

is first divided out of the difference, and the remainder is used to update the estimate

of Ψ(u). A similar update step is used to update the estimate of the pupil function

but with the roles of Ψ(u) and P (u) reversed,

Pm+1(u) = Pm(u) +
|Ψm(u− ci)|
|Ψm(u)|max

[Ψm(u− ci)]
∗

|Ψm(u− ci)|2 + τ2

× [Φm+1(u) − Φm(u)]. (3.9)

In the update steps shown in Eq. (3.8) and Eq. (3.9) a small value (τ1 and τ2 respec-

tively) is added to prevent division by zero. In [21], the updated pupil function was

constrained to lie within the support of the initial guess, which corresponds to the



35

numerical aperture of the lens. A similar strategy is employed in this work with the

support being twice as large as the initial guess to accommodate differences between

the experimental setup and the forward model (such as the aperture not being a per-

fect circle). Reconstruction continues for M iterations or until the difference between

successive estimates falls below some threshold.

Initial estimates of Ψ(u) and P (u) must be provided. The initial estimate of

the pupil function is defined to be an ideal circular aperture from Eq. (2.3) with a

diameter determined by the aperture. A common initialization of Ψ(u) for weakly

scattering objects is to upsample any of the recorded images (often an image near

the DC component) and take its Fourier transform [1, 21, 66]. In this work we opt

to take the Fourier transform of an upsampled average of all N captured intensity

images, to help offset the effect of speckle noise if the object being imaged has an

optically rough surface.

3.3 Fourier Ptychography for Strongly Scattering Objects

From Section 2.1.1 we know that when an optically rough surface is illuminated with

coherent light, a speckle field will form. The apparent size of the speckles, when

imaged onto the sensor plane, is approximately equal to the Airy disk radius (from

Eq. (2.12)).

A natural consequence of the presence of subjective speckle in the recorded inten-

sity measurements is a loss in resolution compared to a similar imaging setup that uses

incoherent illumination. In addition to the loss of spatial resolution that arises from

using coherent illumination instead of incoherent illumination [50], perceptual reso-

lution is further lost in the presence of speckle [80, 81]. Methods to reduce or remove

speckle from images have long been studied in astronomical and laser imaging. Tech-
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niques such as recording multiple short exposure images of a moving object [82, 83],

or the analogous method of shifting an aperture for a stationary object [58], have

been suggested as a means to reduce speckle. Even in the limit, such techniques can

only achieve the same performance as a diffraction limited incoherent measurement

system [84, 48]. Clearly, removing speckle is an important post-processing step for

improving image resolution.

Fourier ptychography naturally reduces speckle size by reducing diffraction blur.

However, the variation in intensity due to the remaining speckle is still large. We

introduce an additional step to the recovery algorithm described in Section 3.2.1 to

help suppress speckle in the estimate of Ψ(u).

From Eq. (2.5) and Eq. (2.6), speckle intensity follows a negative exponential

distribution, which is consistent with a multiplicative noise model. Much of the

research related to image denoising techniques, including the state-of-the-art BM3D

algorithm [10], assume an additive noise model. As the goal is to eventually recover a

high-quality intensity image, the intensity of ψ̂(x) is denoised during image recovery.

To overcome the multiplicative noise introduced by speckle, we first take the

natural logarithm of the intensity at iteration m to convert the noise into a more

convenient additive model:

ξm(x) = ln(|ψm(x)|2), (3.10)

where the new variable ξm(x) is modeled as the true (noise free) signal ξ′(x) corrupted

by additive noise η(x),

ξm(x) = ξ′(x) + η(x). (3.11)

Extracting an updated estimate, ξm+1(x), that better approximates ξ′(x) can

be achieved using any of the standard image denoising techniques. In this work,

a straightforward image noise suppression method is used: wavelet decomposition
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flowed by soft-thresholding wavelet components whose magnitudes exceed ρ [85]. De-

noising is accomplished by decomposing ξ using an orthogonal wavelet basis W and

denoising operator D(α, ρ):

ξm+1(r) = W [D(W T ξm(x), ρ)], (3.12)

D(α, ρ) = sgn(α) max (0, |a| − ρ). (3.13)

We use symlet wavelets of order eight as the basis for wavelet decomposition and

decompose to the second level. The value of ρ may be set a priori or may be updated

automatically, e.g. using Stein’s unbiased risk estimator (SURE) [86]. The latter

method is adopted in this work. Finally, the amplitude of ψm+1(x) is updated in a

manner similar to Eq. (3.7),

ψm+1(x) =
√
eξm+1(x)

ψm(x)

|ψm(x)| , (3.14)

which is then transformed back into the Fourier domain as Ψm+1(u) and the recovery

algorithm proceeds as previously described.

Denoising is applied every s iterations of the recovery algorithm. Spacing out de-

noising allows adequate time for information transfer and reinforcement between the

spatial and Fourier domains during phase retrieval. The recovery algorithm effectively

has an outer loop to perform the denoising and an inner loop for phase retrieval. A

visual representation of the complete recovery algorithm is shown in Figure 3.2. For

the results presented in this thesis, denoising is applied every 10 iterations.

3.4 Concluding Remarks

In this chapter, a phase retrieval algorithm for Fourier ptychography was presented.

The base of the algorithm builds upon previous methods from the literature that
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Φm(u, ci) = Ψm m(u− ci)P (u)

φm(x, ci) = F−1 {Φm(u, ci)}

Impose intensity constraint

φm+1(x, ci) =√
I(x, ci)

φm(x, ci)

|φm(x, ci)|

Φm+1(u, ci) = F
{
φm+1(x, ci)

}

Ψm+1(u) Pm+1(u)

Update pupil 
estimate Eq. (3.9)

Update Fourier 
estimate Eq. (3.8)

ξm(x) = ln(|ψm(x)|2)

ξm+1(r) =

W [D(WT ξm(x), ρ)]

ψm+1(x) =
√
eξm+1(x)

ψm(x)

|ψm(x)|

m mod s = 0

false true

{ }

Φm+1(u) = F
{
φm+1(x)

}

Phase retrieval 
inner loop

Denoising 
outer loop

Increment counter
m= m+1

Ψm(u) = F
{∑

i

I(x, ci)

N

}
Pm(u) =

{
1 if ‖u‖ < d,

0 otherwise

Initial estimates, m = 0:

Inputs: N intensity images,             , corresponding 
to apertures centered at ci , . . . , N1=, i

I(x, ci)

φm(x) = F−1 Ψm+1(u)

Figure 3.2 : Recovering high-resolution images with Fourier Ptychography
and phase retrieval: A high-resolution estimate of Ψ(u) is recovered by iteratively
enforcing intensity measurement constraints in the spatial domain and updating es-
timates of the spectrum in the Fourier domain. Image denoising is applied every s
iterations to suppress the influence of speckle noise in the final reconstruction. Left
branch (blue): traditional FP recovery algorithm used in [21, 66]. Right branch
(brown): Image denoising to reduce speckle noise in the estimate of Ψ(u).
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(a) Scene (b) Captured data

(c) Examples of captured intensity images

Figure 3.3 : Capturing Images for FP: Optically rough surfaces act as strong
scatterers, sending light in all directions. The random phase induced by the surface
of the object also results in the formation of speckle. a) A scene reconstructed using
our setup. b) A 9 × 9 portion of the full dataset showing that individual images c)
and d) are visibly similar and suffer from heavy degradation due to speckle.
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show good performance for weakly scattering objects. A novel image space denoising

regularizer was introduced to combat the effect of speckle in diffuse material. In the

next chapter, performance characteristics for Fourier ptychography will be explored

through the use of simulated data.
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Chapter 4

Performance Characterization of Fourier

Ptychography
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In Chapter 3, an algorithm was proposed to recover the phase of an incident

wavefront at the aperture plane of the camera. Accurate retrieval of optical phase

requires redundant measurements. If the final high-resolution image is comprised of

n pixels that contain both intensity and phase information, then it is clear that we

must acquire at least 2n measurements of optical intensity from the image sensor.

However, it is not clear if additional data should be acquired (for example to improve

tolerance to noise), how much this additional data might improve the quality of our

reconstructions at different resolution scales, or how many images on average might

be required to achieve a certain resolution goal. We now explore these questions via

simulation.

4.1 Recovering Optically Smooth Objects

There are two parameters that will influence the number of required images. The

first consideration is the desired resolution limit of our synthetic aperture (i.e., its

minimum resolvable feature), which is equivalent to specifying the synthetic aperture

size. The second consideration is the desired degree of data redundancy, which is

equivalent to specifying the amount of overlap between adjacent images when viewed

in the Fourier domain. Computational cost is proportional to the number of acquired

images, so the user will be eventually forced to trade off reconstruction quality for

reconstruction time.

4.1.1 Experimental Design

To explore these two parameters, we perform experimental simulations using a 512

px ×512 px resolution chart shown in Figure 3.1(a). This chart contains line pairs

with varying widths from 20 pixels down to 1 pixel, corresponding to line pairs per
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pixel in the range [0.025, 0.5]. We assume each object is under coherent plane wave

illumination from a distant source. Diffraction blur is determined solely by the wave-

length of the coherent source and the ratio between the focal length and aperture

diameter (i.e. the f/#). Recall that the radius of the diffraction spot size on the

sensor is approximately 1.22λf
d

. We assume that the illumination wavelength is 550

nm, the focal length of the lens is 800 mm, and the aperture diameter is 18 mm.

The resolution chart itself is 64 mm ×64 mm and is located 50 meters away from the

camera. The aperture of the imaging system is scanned across the Fourier plane to

generate each bandpassed optical field at the image plane. A pictorial representation

of the sampling pattern and resulting captured images is shown in Figure 3.1(b)-(d).

For simplicity, we treat the target resolution chart as an amplitude object, which

may be considered to be printed on a thin glass substrate or etched out of a thin

opaque material. We use the iterative algorithm described in Section 3.2.1 to recover

the complex field of the resolution chart. The algorithm terminates whenever the

relative difference between iterations falls below 10−5 or after 1000 iterations. To

quantify the reconstruction we compute the contrast for the horizontal and vertical

bars belonging to each group. Contrast, C, is defined as

C =
w − b
w + b

, (4.1)

where w̄ and b̄ denote the average intensity of the white and black bars respectively.

To aid our discussion, we define the limit of resolvability to be when the contrast of a

group drops below 20% (MTF20). For the simulation experiments, we will assume the

image sensor has a pixel width of 2 µm. It is important to note that in the simulation

experiments we will only consider the effects of diffraction blur as the factor which

limits resolution in long range images.

In our first simulation experiment, we capture a 21× 21 grid of images with 61%
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Figure 4.1 : Recovering high frequency information using Fourier ptychog-
raphy: (a) We simulate imaging a 64×64 mm resolution target 50 meters away using
sensor with a pixel pitch of 2 µm. The width of a bar in group 20 is 2.5 mm. (b)
The target is observed using a lens with a focal length of 800 mm and an aperture
of 18 mm. The aperture is scanned over a 21× 21 grid (61% overlap) creating a syn-
thetic aperture of 160 mm. The output of phase retrieval is a high-resolution Fourier
representation of the target. The recovered image is shown in (d) and the recovered
Fourier magnitude (log scale) is shown in (e). The plot in (c) shows the contrast
of the groups in the intensity images of the recovered resolution chart (solid purple
line) and the observed center image (blue dashed line). Whereas the central image
can only resolve elements which have a width of 12 pixels before contrast drops below
20%, using Fourier ptychography we can recover features which are only 2 pixels wide.
Detail images of groups 2, 5, and 6, for the ground truth, observed, and recovered
images are shown in (f).



45

overlap between neighboring images. Each captured image is 512 px ×512 px, but

high frequency information has been lost due to the bandpass filter. Under this setup,

the Synthetic Aperture Size (SAS), given as the ratio between the synthetic aperture

diameter and lens aperture diameter, is 8.8. Figure 4.1(b) shows the center observed

image of the resolution target, in which features smaller than 12 pixels are lost, due

to the low-pass filtering of the aperture. This corresponds to the best resolution

that can be achieved in coherent illumination without using ptychography to recover

additional frequency information. If we use ptychography and phase retrieval, the

resolution increases significantly; features as small as 2 pixels can be recovered as

shown in Figure 4.1(d). Plots comparing the contrast of the image intensity for the

center observation (dashed blue line) and the recovered image (solid purple line) are

provided in Figure 4.1(c). The recovered Fourier magnitude and zoomed in detail

views of groups 2, 5, and 6 are shown in Figure 4.1(e) and (f) respectively, showing

faithful recovery of otherwise unresolved features.

Both the cost of assembling the SAVI and the computational complexity of our

reconstruction algorithm is O(N2). Therefore, minimizing the number of captured

images necessary to recover each high-resolution image is an important design cri-

terion. There are two degrees of freedom to explore to help reduce the amount of

ptychographic data acquired: changing the amount of overlap between neighboring

images and changing the SA.

4.1.2 Effect of Overlap

Intuitively, increasing the amount of overlap should improve reconstruction perfor-

mance. Redundant measurements help to constrain the reconstruction and provide

some robustness to noise. In Figure 4.2, we show the effects of increasing the amount
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of overlap from 0% (no overlap) to 77%, a large degree of overlap. The SAS is held

constant at 10 for each overlap value, resulting in a 9×9 sampling grid for 0% overlap

and a much larger 41×41 grid for 77% overlap. As seen in Figure 4.2, the root-mean-

squared error (RMSE) between the ground truth and recovered intensities decreases

as the amount of overlap increases with a precipitous drop when the amount of over-

lap is greater than ∼50%. This watershed demarcates the boundary of recovering the

high-resolution image.

We can see the effect of varying the amount of overlap in the contrast plot and

the recovered images shown in Figure 4.2. Images captured with overlaps of 0%

and 41% have large RMSE, fail to recover even low-resolution features (even though

the SAS is constant), and the resulting images are of low quality. Conversely, data

captured with overlaps of 50% and 75% can reconstruct small features with low

RMSE. Reconstruction quality also increases as the amount of overlap increases.

Thus 50% is a lower bound on the amount of overlap required to run phase retrieval

for an ideal imaging system [87, 88]. Additional overlap may be necessary for a real

camera system. This observation coincides with previously reported overlap factors

of 60% for good reconstruction [89].

4.1.3 Effect of Synthetic Aperture Size (SAS)

Alternatively, the number of images may be reduced by decreasing the synthetic

aperture size. For a given overlap, smaller SAS values will yield less improvement

in resolution than larger SAS values (and a corresponding increase in the number of

images). To demonstrate this, we use the same camera parameters as the previous

experiment and fix overlap at 61% while varying the SAS. Figure 4.3 shows that larger

apertures can resolve smaller features, which can be clearly seen in the contrast plot.
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Figure 4.2 : Effect of varying overlap between adjacent images: Holding the
synthetic aperture size constant, we vary the amount of overlap between adjacent
images. As the amount of overlap increases, reconstruction quality improves. When
the amount of overlap is less than 50%, we are unable to faithfully recover the high-
resolution image, as shown in the RMSE plot in the top left. The contrast plots of the
intensity images for four selected overlap amounts (0%, 41%, 50%, and 75%) shows
that insufficient overlap drastically reduces the resolution of the system. Recovered
images show the increase in image reconstruction quality as the amount of overlap
increases.
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Without using ptychography, features less than 12 pixels wide (0.04 line pairs/pixel,

25 µm at the image plane) cannot be resolved. Resolution steadily improves as

the SAS increases to 5.64 before holding steady until an SAS of 11.8. As the SAS

increases, image contrast also increases, which can be seen in the detail images shown

in Figure 4.3. Of course, increasing the SAS requires additional images; an SAS of

1.77 requires a 3 × 3 sampling grid, while SASs of 3.32, 4.09, 5.64, and 11.8 require

7×7, 9×9, 13×13, and 29×29 grids respectively. While, in theory, SAVIs can improve

resolution down to the wavelength of the illumination source, an order of magnitude

in SAS requires a quadratic increase in the number of recorded images. Thus, the

SAS should be set to the smallest size which meets the resolution requirement for a

given application.

4.1.4 Effect of Noise on Image Recovery

The phase retrieval problem in Eq. (3.2) is non-convex and thus prone to getting

stuck in local minima when using gradient descent procedures such as alternating

minimization. Nonetheless, we observe that in practice our algorithm converges well

for a variety of scenes and noise levels. We repeat the varying SAS experiment using

the canonical Lena image, and with varying levels of additive white Gaussian noise

in the observed images. We test signal-to-noise ratios (SNR) of 10, 20, and 30 dB,

and present the results in Figure 4.4. Noise is added such that each captured image

has the desired SNR. As shown in the RMSE plot, we can recover the high-resolution

image even with input images containing significant noise. The observed center images

(SAS=1) reflect this noise, as well as diffraction blur, and thus exhibit a high RMS

error. As the SAS increases, the resolution improves, the noise is suppressed, and

the RMSE decreases (thanks to redundancy in the measurements). All remaining
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Figure 4.3 : Varying synthetic aperture size (SAS): For a fixed overlap of 61%,
we vary the size of the synthetic aperture by adding cameras to the array. As seen in
the contrast plot of image intensities, as well as the reconstructed intensities below,
the resolution of the recovered images increase as the SAS increases from 1 (the
observed center image) to 11.8. We can recover group 2 with an SAS of 5.64, which
requires 169 images.
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simulation experiments are conducted with an input SNR of 30 dB.

4.1.5 Comparison with Expensive Large Aperture Lenses

Next, we compare simulated images from an expensive and bulky lens, with simulated

images from our SAVI. For these experiments, we assume each system exhibits a fixed

focal length of 1200 mm. In the early 1990s, Canon briefly made a 1200 mm lens

with a 215 mm diameter aperture∗ which retailed for nearly $150,000 US dollars

(inflation adjusted to 2015) and weighed nearly 17 kilograms. At 30 meters, its

minimum resolvable feature size is 190 µm at the object plane (Nyquist-Shannon

limit). This diffraction spot size is just small enough to recover the pertinent features

of a fingerprint where the average ridge width is on the order of 400 µm [90].

Instead of using such a large and expensive lens, one could alternatively consider

imaging with a much smaller lens with 1200 mm focal length and a 75 mm diameter

which may cost on the order of hundreds of dollars to manufacture. Such a lens would

have a diffraction spot size of 21 µm on the image sensor, and a minimum resolvable

feature size of 536 µm at 30 meters. The poor performance of this lens precludes

identifying fingerprints directly from its raw images. However, by using such a lens

to sample a larger synthetic aperture, capturing multiple images, and reconstructing

with ptychographic phase retrieval can offer a final diffraction-limited resolution that

surpasses the large Canon lens.

We simulate imaging a fingerprint at 30 meters with both of the above approaches

in Figure 4.5 We use a fingerprint from the 2004 Fingerprint Verification Challenge

[91] as ground truth, where each pixel corresponds to 51 µm at the object plane,

and the pixel size on the camera sensor is 2 µm (as before). Using a 1200 mm focal

∗Canon EF 1200mm f/5.6L USM
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Figure 4.4 : Noise robustness of the synthetic apertures for visible imaging:
We repeat the experiment in Figure 4.3 with the Lena image (assuming the scene is
650 meters away), while varying the amount of added Gaussian noise. The signal-to-
noise ratio (SNR) of the input images is set to be 10, 20, and 30 dB. As shown in the
RMSE plot, we can recover the high-resolution image even with noisy input images.
The observed center images (SAS=1) are blurry and noisy, with a high RMS error.
As the SAS increases, the resolution improves, the noise is suppressed, and RMSE
decreases. A cropped portion of select images is shown to highlight the performance
of our approach. Note: all other simulation experiments are conducted with an input
SNR of 30 dB.

length, 75 mm aperture lens with incoherent illumination yields images in which blur

has degraded the image quality so that they are of no practical use (Figure 4.5(a)).

However, if the same lens is used to simulate an aperture diameter of 300 mm (61%

overlap, 9× 9 images, SAS=4), the diffraction spot size reduces to 130 µm, which is

sufficient to identify the print, as shown in Figure 4.5(b). The Canon lens with a 215

mm aperture could be used to achieve comparable quality, as in Figure 4.5(c). Detail

images in Figure 4.5(d) highlight the image quality of the three imaging systems.

A similar experiment is conducted in Figure 4.6 with the subject being a human

face 1000 meters away. In this experiment, a synthetic aperture of 300 mm, cor-

responds to a diffraction spot size of 4.4 mm on the face. The 75 mm lens has a

diffraction spot size of 180 mm and is again unable to resolve the scene with inco-
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(a) 1200 mm f/16 
lens (∼$500)

(b) Coherent 
Camera Array

(c) 1200 mm f/5.6 
lens ($150,000)

(d) Detail outsets

2 mm 2 mm 2 mm

Figure 4.5 : Simulation of imaging a fingerprint at 30 meters: We simulate
image capture with an inexpensive 1200 mm lens, 75 mm aperture diameter (f/16),
and a pixel pitch of 2 µm. (a) Using passive illumination the resulting diffraction
blur (530 µm) removes details necessary to identify the fingerprint. (b) Imaging with
a SAVI (61% overlap) that captures 81 images to create a synthetic aperture of 300
mm reduces diffraction blur to 130 µm and leads to faithful recovery of minutiae. (c)
Using a $150,000 lens with a 215 mm aperture diameter (f/5.6), the diffraction blur
reduces to 190 µm, which is roughly comparable to our final reconstruction in (b).
(d) Detail views of the three imaging systems. In this simulation, diffraction is the
only source of blur, other factors in Table 1.1 are not considered.

herent illumination but fine details are recovered using ptychography, Figure 4.6(a)

and (b) respectively. The Canon lens (Figure 4.5(c)), yields a blurry image that is

inferior to the image acquired under active illumination. Detailed crops of one of the

eyes acquired using the three imaging setups are shown in Figure 4.6(d).

While these simulations are limited in scope (i.e. we assume that diffraction

is the only factor limiting resolution and neglect phase), the results suggest that

using Fourier ptychography to create SAVIs offers a practical means to acquire high-

resolution images while remaining cost competitive with existing lenses. Moreover,

such computational approaches appear as the only means available to surpass the

resolution limits imposed by current manufacturing technology.
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(a) 1200 mm f/16 
lens (∼$500)

(b) Coherent 
Camera Array

(c) 1200 mm f/5.6 
lens ($150,000)

(d) Detail outsets

30 mm 30 mm30 mm

Figure 4.6 : Simulation of capturing a face 1000 meters away: We simulate
image capture with an inexpensive 1200 mm lens, 75 mm aperture diameter (f/16),
and a pixel pitch of 2 µm. (a) Directly using the inexpensive f/16 lens in passive
illumination results in a diffraction blur spot size of 17.8 mm on the face, obliterat-
ing detail necessary to recognize the subject. (b) Using Fourier ptychography (61%
overlap, 81 images) to achieve a synthetic aperture of 300 mm the diffraction spot
size is reduced to 4.4 mm. (c) Using the $150,000 215 mm (f/5.6) lens yields a
diffraction spot size of 6.2 mm, 50% larger than the diffraction realized using Fourier
ptychography. Detail views of the three systems are shown in (d). In this simulation,
diffraction is the only source of blur, other factors in Table 1.1 are not considered.

4.2 Recovering Optically Rough Objects

In the previous section, we determined many important parameters governing the

recovery performance of Fourier ptychography for optically smooth objects. In gen-

eral, the principles hold for diffuse scattering surfaces as well, with perhaps moderate

tweaks. For example, the degree of overlap between adjacent camera positions may

need to be increased, though this does not seem to be a significant barrier in the

experimental results presented in Chapter 5.2.

Therefore, the scope of this section is restricted to verifying that adding a de-

noising regularizer into the recovery algorithm improves perceptual image quality by

reducing speckle contrast. We also reiterate that even when imaging optically rough

objects, and dealing with the resulting speckle, coherent super-resolution outperforms
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incoherent super-resolution for large diffraction blur.

4.2.1 Effectiveness of Denoising Regularizer

Figure 4.7 demonstrates the benefit of incorporating the denoising step into the re-

covery algorithm in the presence of subjective speckle. A simulated high-resolution

complex object is imaged by a diffraction limited system. The amplitude is a three-

tone rendering of the logo for our lab, shown in Figure 4.7(a), and the phase is

randomly distributed in the range [−π, π]. Direct observation of the object results

in an image degraded by diffraction blur and speckle, one such example is shown

in Figure 4.7(b). Using FP without the denoising regularization results in artifacts

in the reconstruction as shown in Figure 4.7(c). Incorporating the denoising step

during reconstruction, as in Figure 4.7(d), reduces some of the artifacts present in

Figure 4.7(c) and improves overall contrast by reducing the intensity variation in the

speckle regions. Note that the brightness of the outsets in Figure 4.7(b)-(d) has been

increased to highlight the presence of reconstruction artifacts.

When improving the perceptual quality of an image, particularly in the presence

of speckle noise, arguments about the efficacy of any given method are inherently

qualitative. A quantitative evaluation of the effectiveness of the denoising regularizer

is validated using real data in Figure 5.6.

4.2.2 Comparison with Incoherent Super-Resolution

Here we extend comparison from Section 1.3.1 to incorporate random phase and

conclude that coherent illumination and SAVI is still better suited for creating af-

fordable long-distance imaging systems. As before, three common multi-image super-

resolution techniques are used to reconstruction a high-resolution image: Papoulis-
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(a) Amplitude of high-  
resolution complex 
object  (random phase)

(c) FP recovery without 
denoising

(d) FP recovery with 
denoising

(b) Example captured 
image

Figure 4.7 : Simulation of recovering optically rough surfaces with FP: A
complex object with an amplitude shown in (a) and having uniformly distributed
phase in the range [−π, π] is recorded by a diffraction limited imaging system (b). (c)
FP reduces diffraction blur and speckle size leading to increased resolution but still
suffers from the presence of speckle and reconstruction artifacts. (d) Incorporating
a denoising regularizer in the FP recovery algorithm reduces variation in speckle
intensity and reduces the effect of reconstruction artifacts. Brightness in the outsets
has been increased to highlight the artifacts. Please view digitally to see fine details.
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a) Moderate diffraction blur
f/5.6 lens: blur ~ 2 px

Sensor
Incoherent Coherent

Observed

SAVI

b) Large diffraction blur
f/32 lens: blur ~11 px

SAVI

Sensor

Observed 

[36][35]

[33, 34]

Incoherent Coherent

[36][35]

Observed Observed [33, 34]

Figure 4.8 : Incoherent super-resolution for diffuse surfaces: Performance of
incoherent super-resolution methods is unaffected by diffuse surfaces, as with optically
smooth objects, performance gains are moderate for small diffraction blur and non-
existent for large diffraction blur. Coherent illumination required for SAVI produces
speckle in the observed measurements, which further degrades imaging performance.
Nevertheless, recovering a larger synthetic aperture offers significant improvements in
resolution even in the presence of large diffraction blur.
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Gerchberg super-resolution [31, 32], robust super-resolution [33], and normalized con-

volution [34]. Standard single-image bicubic interpolation is also included as a base-

line. All four incoherent algorithms are implemented using code from [35].

In Figure 4.8, we simulate super-resolution for both incoherent and coherent il-

lumination using a lens with large diameter and a lens with significantly smaller

diameter. A high-resolution object (536× 536 pixels, shown in full in Figure 5.11) is

imaged onto a 67 × 67 pixel sensor resulting in an 8× loss in resolution. The pixel

pitch of the sensor is set to be 1.8 µm. In Figure 4.8(a), a lens with a large aperture

(f/5.6) produces a diffraction spot size of 3.7 µm, or 2 pixels. As expected, the inco-

herent observation is free of speckle. However, each of the four image super-resolution

techniques only shows a modest improvement in spatial resolution. Coherent imag-

ing results in speckle, but thanks to the larger synthetic aperture, finer features are

observed.

Achieving the relatively small diffraction in Figure 4.8(a) requires using a lens with

a large diameter, a potentially costly prospect. If a lens with a significantly smaller

aperture (f/32) were to be used instead, the diffraction spot size would increase to

20.7 µm, or about 11.5 pixels. In the large blur regime, incoherent image super-

resolution techniques are unable to improve image resolution. SAVI, on the other

hand, can improve image resolution and surpass the image quality of the incoherent

measurements.

The limited ability to increase spatial resolution suggests that incoherent illumi-

nation cannot outperform coherent imaging for long-distance super-resolution.
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4.3 Concluding remarks

From the analysis presented in this chapter, it is clear that adding redundancy in-

creases reconstruction performance of the phase retrieval algorithm, and that FP is

robust to Gaussian read noise for the individual captured images. Simulations suggest

that the approach of using FP to create large synthetic apertures is valid. In the next

chapter, experimental results obtained from tabletop prototypes will be presented to

bolster further the claim that not only is using FP for SAVI feasible, but also that

meaningful resolution improvements are readily obtainable to image well beyond the

diffraction limit.
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Chapter 5

Realizing Synthetic Apertures for Visible Imaging
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In this chapter, we experimentally verify our simulations of creating SAVI both in

transmissive and reflection geometries for both optically smooth and optically rough

objects. In both imaging geometries, we demonstrate spatial resolution improvement

of 6− 7×.

5.1 Fourier Ptychography in Transmission Geometry

First let us consider a direct analog of Fourier ptychography microscopy, scaled up for

macroscopic distances. While this configuration is not practical for many instances

of long distance imaging, it serves two purposes: 1) It allows for direct comparison

with previous macroscopic systems [59] and 2) It provides a natural platform to

image weakly scattering objects before tackling the more challenging optically diffuse

surfaces.

Disclaimer: High-resolution image reconstruction for the transmission experi-

ments was performed with a variant of the image reconstruction algorithm presented

in Section 3.2.1 in which the pupil function was not updated. Subsequent reconstruc-

tions with pupil recovery do not improve resolution in the final reconstruction, but

some low frequency artifacts do get cleaned up, this behavior is consistent with the

results reported in [77].

5.1.1 Experimental Prototype

Our imaging system consists of a Blackfly machine vision camera manufactured by

Point Grey (BFLY-PGE-50A2M-CS), coupled with a 75 mm Fujinon lens (HF75SA-1)

that is mounted on a motorized 2D stage (VMX Bi-slide, see Figure 5.1). For a single

acquired data set, we scan over the synthetic aperture in a raster pattern. Objects

to be imaged are placed 1.5 meters away from the camera and are illuminated with
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HeNe Laser

Spatial Filter Focusing Lens

Image Sensor

Aperture

Object

2D Stage

1.5 m

Hene laser
Spatial filter Focusing 

lens
Aperture

Camera

Sensor

Object

Figure 5.1 : Overview of hardware configuration for data acquisition (side
view): From left to right: A helium-neon laser passed through a spatial filter acts as
the coherent illumination source. A focusing lens forms the Fourier transform of the
transmissive object at the aperture plane of the camera’s lens. The aperture acts as a
bandpass filter of the Fourier transform, and the signal undergoes an inverse Fourier
transform as it is focused onto the camera’s sensor. The camera (Point Grey Blackfly
(BFLY-PGE-50A2M-CS) is mounted on a motorized 2D stage to capture overlapping
images.
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a helium-neon (HeNe) laser which emits a beam with a wavelength of 633 nm. We

employ a spatial filter to make the laser intensity more uniform as well as to ensure

sufficient illumination coverage on our objects. A lens is placed immediately before

the target to collect the illumination and form the Fourier transform on the aperture

plane of the camera lens.

Lenses with short focal lengths can be easily (and cheaply) manufactured to have

a proportionally large aperture. The maximum aperture of the lens that we use is 42

mm. To simulate building a cheap lens with a long focal length and small aperture, the

lens is stopped down to f/32, creating a 2.3 mm diameter aperture. The diffraction

spot size on the sensor is 49 µm in diameter. Given that the camera sensor has a

pixel width of 2.2 µm we expect to see a blur of roughly 20 pixels.

Unique images are acquired by moving the camera to equidistant positions in the

synthetic aperture plane via the translation stage. At every grid position, we capture

multiple images with different exposures to form a high dynamic range reconstruction.

By translating the camera, the shift in perspective causes the captured images to be

misaligned. For planar scenes, a pair of misaligned images can be corrected by finding

the homography relating the reference viewpoint (taken to be the center position) and

the outlying view. We accomplish this by finding fiducial markers of a checkerboard

pattern affixed to the object, which is lit with incoherent light. The translation stage

is of high enough precision to allow the calibration step to be performed immediately

before or after data capture∗. The aligned high dynamic range images are used as

inputs to the phase retrieval algorithm.

∗In the second iteration of this experiment, a programmable lamp is used to capture the fiducial

markers without having to rescan the aperture
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(a) Observed center image
(f/32)

(c) Pixel limited image 
(f/1.4)

(d) Detail regions of (a), (b) and (c) 
respectively

(b) Recovered magnitude and phase (f/8)

2 mm

2 mm 400 µm

2 mm

400 µm 400 µm

400 µm 400 µm 400 µm

Figure 5.2 : Experimental result: Resolving a fingerprint 4× beyond the
diffraction limit: Using the hardware setup shown in Figure 5.1, we use a 75 mm
focal length lens to acquire images of a fingerprint ∼ 1.5 m away from the camera. A
fingerprint was pressed on a glass slide, and fingerprint powder was used to make the
ridges opaque. (a) Stopping down the aperture to a diameter of 2.34 mm induces a
diffraction spot size of 49 µm on the sensor (∼ 20 pixels) and 990 µm on the object. (b)
We record a grid of 17×17 images with an overlap of 81%, resulting in an SAS which
is 4 times larger than the lens aperture. After running phase retrieval, we recover a
high-resolution magnitude image and the phase of the objects. (c) For comparison, we
open the aperture to a diameter of 41 mm to reduce the diffraction blur to the size of
a pixel. (d) Comparing zoomed in regions of the observed, recovered, and comparison
images shows that our framework can recover details which are completely lost in a
diffraction limited system.
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5.1.2 Recovered images

We test our setup with three scenes. First, we deposit a fingerprint on a glass mi-

croscope slide and use consumer grade fingerprint powder to reveal the latent print.

Our second scene contains a translucent water bottle label, and our third scene is a

resolution target. For the scenes containing the fingerprint and water bottle labels, we

record a 17× 17 grid of images with 81% overlap between adjacent images, resulting

in a synthetic aperture with a 9.3 mm diameter (SAS=4). In the first set of scenes,

overlap amounts were conservatively set to ensure a high-quality image reconstruc-

tion. The amount of overlap is relaxed for the third scene as well as for experiments

conducted in the reflection geometry.

Fingerprint: Figure 5.2 shows the results of using our coherent camera array

prototype to improve the resolution of a fingerprint. With an aperture diameter of

2.3 mm, little high spatial frequency information is transferred to the image plane in

a single image, resulting in the blurry image in Figure 5.2(a). The SAVI technique

recovers a high-resolution Fourier representation of the object, from which we recover

both the high-resolution image and the phase of the object (Figure 5.2(b)). The

wrapping in the recovered phase could be caused by the illumination wavefront, or

by a tilt in the object with respect to the camera. One consequence of stopping

down the lens aperture is that we can fully open the aperture and record and image

which does not exhibit any diffraction blur, Figure 5.2(c), which provides a useful

comparison for our reconstruction. Detail views of the three imaging scenarios are

shown in Figure 5.2(d).

Dasani label: We next use the same setup to capture a translucent Dasani water

bottle label, shown in Figure 5.3. Unlike the fingerprint, the diffuse water bottle label

has a random phase which produces a highly varying optical field at the image plane,
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(a) Observed center image 
(f/32)

(c) Pixel limited image 
(f/1.4)

(d) Detail regions of (a), (b) and (c) 
respectively

(b) Recovered magnitude and phase (f/8)

1.4 mm 1.4 mm

1.4 mm
400 µm 400 µm 400 µm

400 µm 400 µm 400 µm

Figure 5.3 : Experimental result: Resolving 4× beyond the diffraction limit
for a diffuse water bottle label: Using the same parameters as in Figure 5.2, we
image a diffuse water bottle label ∼ 1.5 m away from the camera. The diffuse nature
of the water bottle label results in laser speckle. In the observed center image (a),
diffraction blur and laser speckle render the text illegible. Using Fourier ptychography
(b), we are able to reduce the effect of speckle and remove diffraction revealing the
text. In the comparison image (c) the text is clearly legible. Detail views in (d) show
the improvement in image resolution when using Fourier ptychography.
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which is reminiscent of laser speckle. Speckle becomes more pronounced for small

apertures (Figure 5.3(a)). The recovered image in Figure 5.3(b) shows that the SAVI

can recover details that are completely lost in a diffraction limited system, and the

phase retrieval algorithm is able to handle the quickly varying random phase of the

label. Even with a modest increase to the SAS, individual letters are legible, as

highlighted in the detailed crops in Figure 5.3(d). If we were to increase the SAS

further, we could further reduce speckle-induced artifacts, as suggested by the raw

open-aperture image in Figure 5.3(c).

USAF target: We use the same setup to capture a USAF target, but now with

a different 75 mm lens (Edmund Optics #54-691) and a slightly different Blackfly

camera (BFLY-PGE-13S2M-CS) with a pixel pitch of 3.75 µm. Using this setup,

and an aperture diameter of 2.5 mm, we expect a diffraction blur size of 48 µm on

the image sensor (approximately 12 sensor pixels). With the USAF target placed

1.5 meters away from the camera, we expect a diffraction blur size of 970 µm at the

object plane. We observe that the resolution of the USAF target is limited to 1.26

line pairs per millimeter (lp/mm) in the center observed image (Group 0, Element 3

in Figure 5.4a). By acquiring a 23 × 23 grid of images, with 72% overlap between

neighboring images, we achieve an effective synthetic aperture ratio of 7.16. We show

the results of such a SAVI reconstruction in Figure 5.4(b), where the recovered spatial

resolution has increased to 8.98 lp/mm (Group 3, Element 2), a 7.12× improvement

in resolution.

As discussed in Chapter 4, varying the synthetic aperture size impacts the system

resolution enhancement factor. This can be observed by varying the number of images

used to recover the USAF target. In Figure 5.4(c) we present two regions of the target

for a varying SAS of 1− 7.16. As the SAS increases to 2.12, 4.36, 5.48, and 7.16 the
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SAS
5.04 lp/mm

(4x improvement)
8.98 lp/mm

(7.12x improvement)
2.53 lp/mm

(2x improvement)

1.00

2.12

4.36

5.48

7.16

(a) Observed center image of USAF target (f/30) (b) Recovered USAF target image (f/4.2)

(c) Detail of recovered elements for varying SAS values

Figure 5.4 : Experimental result: Recovering a USAF target with varying
SAS: We capture a USAF resolution target 1.5 meters away from the camera. For
this experiment, we use a slightly different lens and image sensor (focal length =
75 mm, pixel pitch = 3.75 µm). (a) The camera is stopped down to 2.5 mm which
induces a 930 µm blur on the resolution chart, limiting resolution to 1.26 line pairs
per millimeter (lp/mm). (b) We record a 23 × 23 grid of images with 72% overlap,
resulting in an SAS of 7.16. Following phase retrieval, we are able to resolve features
as small as 8.98 lp/mm, a 7.12× improvement in resolution. (c) We show the effect
of varying the SAS on resolution. Using a subset of the captured images we vary the
SAS from 2.12 up to 7.16. The gains in improvement closely track the SAS.
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realized resolution gains are 1.94, 4.00, 5.66, and 7.12 respectively, which closely

tracks the expected behavior.

A similar experimental setup for transmissive macroscopic Fourier ptychography

by Dong et al. [59] demonstrated a 4× improvement in spatial resolution operating

a distance of 0.7 meters. Coupled with the results presented in this subsection,

we are confident that not only is macroscopic FP feasible, meaningful resolution

improvements can be achieved.

5.2 Fourier Ptychography in Reflection Geometry

To validate the proposed method of creating synthetic apertures for visible imaging,

a table top device is constructed to capture images of objects under coherent illumi-

nation. Image recovery is performed in MATLAB. The Code accompanying the work

of Tian et al. [66] is modified to incorporate the proposed initialization and denois-

ing regularization scheme described in Chapter 2, though, in principle, any Fourier

ptychography solver may be substituted for the phase retrieval branch of Figure 3.2.

5.2.1 Experimental Setup

Data is collected in a manner similar to the experimental setup in the previous section,

with the exception that the camera and illumination source are now both on the

same side of the object. The experimental setup is shown in Figure 5.5(a), and a

simplified rendering of the setup is shown in Figure 5.5(b). A laser diode (Edmund

optics #64− 825) operating at 532 nm is passed through a spatial filter and a 2-inch

diameter focusing lens to illuminate an object 1 meter away. For clarity, the spatial

filter has been represented as a pinhole and the camera body has been removed in

Figure 5.5(b). Additional optical elements such as ND filters or polarizers also have
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(b) Experimental setup with zoomed in detail

(a) Reflection geometry Fourier Ptychography
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Figure 5.5 : Experimental setup for reflection mode FP. a) A simplified ren-
dering of the experiment and b) the experimental setup for reflection mode FP. An
object is placed 1 meter away from the illumination source and camera. To satisfy the
Fraunhofer approximation for a short optical path, a lens is used to focus coherent
light onto the aperture of the camera lens. Multiple images are acquired to create a
large synthetic aperture by translating the camera and lens using a translation stage.
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been omitted from the diagram.

Light reflected off of the object is collected by a camera positioned near the fo-

cusing lens. To satisfy the Fraunhofer diffraction approximation for a short optical

path, a lens is used to focus the coherent illumination at the aperture plane of the

camera lens. While the model in Chapter 2 assumes free space propagation, we show

in Appendix A that the analysis holds for converging spherical waves. Imaging over

larger distances would not require a lens to satisfy the far-field conditions, and the fo-

cusing lens would be repurposed as a collimating lens instead. Low-resolution images

are captured by moving the camera (both the lens and sensor) on an XY translation

stage to sample a larger region of Fourier space.

All of the results presented in this paper use the same experimental setup de-

scribed above with the following parameters and components. The camera used is a

Point Grey machine vision camera (BFLY-PGE-50A2M-CS) equipped with an Aptina

MT9P031 CMOS image sensor with a pixel pitch of 2.2 µm. In front of the sensor is a

75 mm focal length lens and an aperture diameter of 2.5 mm (f/30), which produces

a diffraction spot size of ∼ 39 µm on the sensor. For the USAF target and fingerprint

datasets, adjacent positions of the camera are 0.7 mm apart to ensure sufficient over-

lap between samples in the Fourier domain. A grid of 19 × 19 images are captured

to produce a synthetic aperture of 15.1 mm, six times larger than the lens’ aperture.

The parameters used to capture the reverse side of a US $2 bill are slightly modified.

A 21 × 21 grid of images is collected with adjacent positions separated by 0.6 mm,

yielding a synthetic aperture of 14.5 mm.

Exposure bracketing and image averaging are employed to increase the dynamic

range and reduce read noise respectively. At each position, the camera records images

with 3 different shutter times (doubling the exposure between each). For each expo-
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sure time, between 5 − 10 images are averaged to reduce read noise. The exposures

are then merged to yield a high-dynamic range image. An image sensor with a larger

ADC and larger pixels could be substituted to decrease acquisition time instead of

employing averaging and exposure bracketing.

As before, accurate alignment of the low-resolution images is crucial to reconstruct

a high-resolution image accurately. Checkerboard fiducial markers are placed at the

periphery of the object, outside of the region illuminated by coherent light, to allow for

the ease of alignment post-capture using standard tools [92]. Unlike weakly scattering

objects, if fiducial markers are not present in the scene, diffuse images can be aligned

by correlating speckle patterns in adjacent images [43]. In long distance imaging,

it is likely that only a portion of the scene will be illuminated and key features in

the rest of the scene may be used for image alignment, which matches the operating

parameters of our experimental setup.

5.2.2 Recovering diffuse objects

As in the work of Tippie et al. [43], we image a negative USAF chrome-on-glass target

with flat white paint applied to the chrome surface of the target. The target is imaged

through the back of the glass plate to retain the high-resolution features characteristic

of the resolution chart. An example of a captured image is shown in the first row of

Figure 5.6(a).

The specular reflections off of the glass and chrome surfaces of the target are

orders of magnitude stronger than the diffuse light scattered by the painted surface.

To mitigate the effects of specular reflection, the angle between the illumination,

object, and camera was adjusted so that the direct reflection does not enter the

synthetic aperture of the camera system. Additionally, crossed polarizers are used to
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Figure 5.6 : Fourier ptychography for improving spatial resolution in diffuse
objects. (a) Many real-world objects are optically rough and produce speckle when
illuminated with coherent light. Speckle, coupled with diffraction blur, drastically
reduces image resolution, as shown in the first row. The second row demonstrates
that averaging multiple short-exposure frames of a vibrating target improves spatial
resolution by approximating the image recorded under incoherent illumination [82].
Fourier ptychography can be used create a large synthetic aperture to reduce diffrac-
tion blur (see Figure 5.7 for more details). Row three shows that reconstruction using
standard FP does not fully remove speckle, leading to a loss in contrast. In row four,
a denoising regularizer applied during phase retrieval increases contrast by reducing
the influence of speckle while retaining resolution gains. (b) Detail regions of various
bar groupings for the four methods shown in (a). Regions below the pink line are re-
solvable. Scale bars at the bottom of each column show the size of a single bar in the
resolution chart. (c) Contrast as a function of feature size for each of the four imag-
ing techniques in (a). Features above the pink dashed line are resolvable. Resolution
rapidly degrades in a single captured image (purple) and averaging effectively doubles
resolution (yellow). Using FP (blue) drastically improves resolution and contrast by
reducing speckle size, a further boost to contrast is provided by incorporating a de-
noising regularizer (orange) during image recovery. Please see the text for a complete
explanation of the contrast metric.
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attenuate the contributions of diffracted direct illumination (at the boundaries of the

bars).

Directly imaging the target results in the characteristic speckle pattern (first row

of Figure 5.6(a)). For the given imaging geometry, resolution is limited to 1.26 line

pairs per millimeter or a bar width of 397 µm. A common method to reduce speckle

noise, and increase resolution, is to average multiple short exposure images of a vary-

ing speckle field to extract spatial frequencies beyond the capability of any single

measurement [82, 84]. To induce a change in speckle pattern, the target is vibrated,

and a sequence of 361 short-exposure images are acquired, equal to the number of

images used to create the synthetic aperture. The exposure duration is set to be

1/5 of the middle exposure time used during FP data collection. The average of the

short-exposure images is shown in the second row of Figure 5.6(a). As expected, the

resolution of the averaged image surpasses that of the captured image and 280 µm

features are now resolvable.

While individual images exhibit significant blur and diffraction, which can be par-

tially mitigated by averaging, the resulting image from FP has a 6× improvement in

resolution with resolvable features as small as 70 µm (third row of Figure 5.6(a)). The

increased resolution is also accompanied by a corresponding 6× decrease in speckle

size. However, the speckle is still present in the final reconstruction. By introducing

the denoising prior from Eq. (3.14) into the reconstruction algorithm, the effect of

the speckle can be partially mitigated to improve contrast while retaining the same

resolution improvements as traditional FP algorithms. The full reconstruction with

regularization is shown in the fourth row of Figure 5.6(a).

Zoomed in details of the four imaging scenarios are shown in Figure 5.6(b). Notice

that a single captured image and averaged images quickly deteriorate in resolution
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Figure 5.7 : Resolution Gains and Speckle Reduction in FP: Speckle size and
resolution loss are inversely proportional to the size of the imaging aperture. By
creating a large synthetic aperture, speckle size will be reduced and resolution will
improve. By increasing the synthetic aperture size (SAS) from 1 to just over 6 times
the size of the camera’s aperture, we observe a six-fold increase in resolution (blue
lines, circles) accompanied by a corresponding decrease in speckle size (orange lines,
diamonds). The measured and predicted values are shown in dashed and solid lines
respectively. Speckle size is computed following reconstruction without the denoising
regularizer. Note: the slight deviation of measured improvement at larger SAS is a
consequence of discretization of the resolution chart. See Figure 5.10 in Appendix
5.2.3 for further details.
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and contrast. In addition to exhibiting higher resolution, the images obtained using

FP also have higher contrast at the smallest resolvable features. Furthermore, the

addition of the denoiser reduces variation within the speckle regions to mitigate the

effects of speckle further.

The USAF resolution chart can be used to quantify the resolving power of an

optical system. Many metrics to compute contrast rely on the ratio of the maximum

value to the minimum value along a cross section perpendicular to the bar orientation.

This is a serviceable definition in most cases; however when speckle is present the

random distribution of intensities can skew contrast measurements. We add a slight

modification to the standard contrast metric to account for the variable intensity

due to speckle. Bar positions are known a priori and the average intensities of the

white (w̄) and black bars (b̄) are used to compute contrast. The contrast C is further

scaled by the average intensity in the bright and dark regions to account for speckle

migration during reconstruction,

C =
w̄ − b̄
w̄ + b̄

· w̄ · (1− b̄). (5.1)

Bar locations are manually located using a high-resolution image of the USAF target

and are scaled to the correct size for each test image. The threshold for resolvability

must be adjusted to compensate to the additional scaling in Eq. (4.1). We define a

contrast value of 0.05 to be the resolution limit.

Contrast plots for the USAF target are presented in Figure 5.6(c). Contrast for the

observation image and the averaged short-exposure image rapidly deteriorate in agree-

ment with observations made in Figure 5.6(a)-(b). Reconstruction of the synthetic

aperture image using the full complement of measurements significantly improves

resolution. Including the image space denoising during reconstruction increases the

contrast in the bars which aids in discrimination of fine spatial features.
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(a) Captured image (b) Initial estimate (c) 5 iterations

(d) 30 iterations (e) 50 iterations (f) 100 iterations

625  mµ

Figure 5.8 : Convergence of proposed phase retrieval algorithm: Progress of
the FP recovery algorithm is shown for the USAF target (full dataset with denoising).
The images presented are insets of the scene corresponding to the first zoom-in region
(middle column) of Figure 5.6(a). Snapshots of the recovery are shown for a) a
captured intensity measurement, b) the initialization that is an average of all captured
images, c-f) 5, 30, 50, and 100 iterations. The FP recovery algorithm rapidly returns
a reasonable high-resolution image (c) before refining errors to reach the smallest
resolvable features (d) and reducing the influence of speckle noise (e-f). The amount
of speckle present in the estimate decreases while resolvability is maintained. The
yellow scale bars on each of the reconstructions correspond to 625 µm.
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As the goal of the proposed method is to emulate a larger synthetic aperture, and

diffraction blur and speckle size are inversely proportional to the size of the imaging

aperture, it is expected that the improvement in resolution should increase linearly

with the increase in aperture diameter. To illustrate this effect, the USAF target was

reconstructed with varying synthetic aperture sizes by only using subsets of the full

19×19 dataset. In this manner, the size of the synthetic aperture was increased from

2.5 mm to 15.1 mm in steps of 0.7 mm. Figure 5.7 shows that the resolution improves

and speckle size decreases according to theory. Recovery was performed without the

use of the denoising regularizer so that an accurate measurement of the speckle size

can be obtained. Speckle size is measured as the full-width half maximum of the

autocorrelation function of the intensity pattern [58]. A region of the registration

square at the top of the target (the square between group 1, element 1 and group

0, element 2) is chosen to measure the speckle size, and the reported value is the

average of both the vertical and horizontal profiles. It should also be noted that the

discrete nature of the USAF target causes the measured resolution to deviate from

the predicted values; further details are provided in Section 5.2.3.

Algorithm convergence: Convergence of the proposed algorithm using the full

dataset with denoising regularizer is shown in Figure 5.8. The images presented in

Figure 5.8 are subsets of the USAF target shown in Figure 5.6, where each image has

been cropped to the first zoomed in feature (middle column) of Figure 5.6(a). The

initial estimate of Ψ(u) is taken to be the average of the captured intensity images,

Figure 5.8(b), that is upsampled and brought into the Fourier domain. After only

a handful of iterations (Figure 5.8(c)), phase retrieval quickly returns an estimate of

ψ̂(x) that resolves features well beyond the diffraction limit of any single captured

image Figure 5.8(a). Successive iterations of the image recovery algorithm further
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Figure 5.9 : Recovering common objects with SAVI. SAVI can be used to
improve spatial resolution in long-range imaging for everyday diffuse objects. Images
captured with a small aperture are unrecognizable due to diffraction blur and speckle.
Following reconstruction, fine details are visible, permitting scene identification. a)
The reverse side of a US $2 bill. b) A fingerprint deposited on glass. The fingerprint
is covered in diffuse particulate powder to provide contrast against the transparent
background. The yellow scale bars represent 2 mm in each of the $2 bill images and
1 mm for the fingerprint images.

refine spatial resolution and reduces intensity variation due to speckle, Figure 5.8(d)-

(f).

SAVI for diffuse objects: In addition to the USAF target, the reverse side of

a US $2 bill and a fingerprint deposited on glass are presented in Figure 5.9(a) and

Figure 5.9(b) respectively. A single captured image for either object is unrecognizable

due to the extreme degradation from speckle and diffraction blur. After reconstruction

using FP, fine details are now visible in both images.

Recovering the high-resolution image for the $2 bill (Figure 5.9(a)) introduced

an unanticipated problem during reconstruction. Unlike the USAF target and fin-

gerprint, the intensities on the cloth are not binary, and the contrast between the

foreground and background is lower than the other two targets. To combat the

added difficulty of recovering such a varied object, the overlap between adjacent mea-
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surements was increased to 76% and a 21× 21 grid was sampled.

The ability to resolve biometric markers from large stand-off distances has many

applications in surveillance and authentication. Current methods of data collection

are often intrusive, e.g. using a fingerprint scanner. In Figure 5.9(b) we show how

a fingerprint can be recovered from a piece of glass using SAVI. The fingerprint is

coated with powder to provide relief against the transparent glass. Fine features

necessary to identify the print are recovered as illustrated in the zoomed-in detail

regions. Due to the limitations in the current prototype, only stationary objects

can be recovered; however, a real-time acquisition system would enable contactless

on-the-fly authentication of users simply holding a finger aloft.

5.2.3 Discretization Using USAF Resolution Chart

Diffraction blur is inversely proportional to the diameter of the aperture; a linear

increase in aperture diameter should result in a linear increase in resolution. However,

the results in Figure 5.7 seem to suggest a sub-linear increase in spatial resolution

with respect to synthetic aperture size. The source of the discrepancy arises from the

discrete resolutions measured by the USAF resolution target.

In the USAF target, the number of line pairs per millimeter increase logarithmi-

cally between neighboring elements–each element is 21/6 times closer together than the

preceding element. As a result of discretization and the logarithmic spacing, smaller

gains in resolution are oversampled compared to large resolution improvements. For

example, there are 6 measurements between a 1× and 2× increase in resolution, but

there are also only 6 measurements between an 8× and 16× gain in resolution. To

illustrate the effect this has resolution measurements, discrete bar resolutions are plot-

ted along with the previously recorded resolution measurements in Figure 5.10. The
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Figure 5.10 : Discretization in the USAF resolution chart: As discussed in
Figure 5.7, resolution should improve linearly with SAS. However, the measured val-
ues deviate from the predicted curve due to the discretization of the USAF resolution
target. Each element in the target is 21/6 times smaller/larger than its neighboring
elements. The discrete exponential distribution of spacings disproportionally affects
larger SAS values. Measured resolution for each increase in SAS is shown as purple
x’s, the theoretical resolution improvement is shown as an dashed orange line, while
the actual resolution values provided by the USAF target are shown as a blue dotted
line.
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predicted resolution improvement (dashed orange line) is linear with diameter size;

however, the discretized resolutions (blue dotted line) can only approximate the pre-

diction in a stair-step manner. The measured resolutions for each synthetic aperture

size are shown as purple ‘x’s. Due to the logarithmic spacing, the run of each stair

increases between measurements, disproportionately affecting larger resolution gains.

In our experiment, a synthetic aperture of 15.1 mm is created, which should result

in a 6.04× improvement in resolution. Due to the spacing of the resolution bars, the

reported resolution is only 5.65× better than the resolution measured without using

SAVI.

Showing a reconstruction of the USAF target has become de rigueur in Fourier

ptychography papers, and offers a familiar and intuitive object for readers to under-

stand. We have elected to use the USAF resolution target to offer a direct comparison

with the work of Tippie et al. [43]. Horstmeyer et al. [93] suggest a Siemens star as

a more appropriate resolution target for reporting performance gains in coherent mi-

croscopy. Hopefully with the work in [93] the field will make the transition to using

the more robust Siemens star.

5.3 Considerations for Real-World Implementations

Experimental results introduced in Section 5.2.2 suggest that FP is a promising tech-

nique to achieve sub-diffraction imaging at large standoff distances. However, there is

still a long way to go before realizing a full-scale implementation. One important area

of further study is modeling and accounting for objects with low contrast. While it is

known that the difference in intensity between the background and foreground affects

perceptual resolution in the presence of speckle [81], it is unclear how this affects

the reconstruction performance of FP algorithms. We have observed that for objects
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Figure 5.11 : Simulated reconstructions for varying background/foreground
contrast ratios: Objects with strong contrast between the foreground and back-
ground amplitude values have a higher fidelity reconstruction than objects where
the background and foreground amplitudes are similar. The high-resolution complex
object used for testing is shown in the top row. Simulation parameters are chosen
to match the experimental parameters used in Figure 5.6. The bottom three rows
represent reconstructions where the amplitude in the high-resolution object is varied
to different intensity ranges. Reconstruction quality falls as the contrast in the am-
plitude decreases. This suggests a more robust signal model is necessary to suppress
speckle for objects have amplitudes with low contrast.
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with a range of intensities (low contrast), such as the $2 bill shown in Figure 5.9(a),

a greater amount of overlap may be required to obtain a satisfactory reconstruction.

Even with a good reconstruction, features may still be hard to make out if the

contrast is low. In Figure 5.11 we simulate super-resolving a complex object whose

amplitude has varying brightness ratios. The owl is the brightest element (amplitude

of 1), the background is the darkest element, and brightness of the text and camera

is the average of the owl and background. The minimum amplitude is varied from

0.1 to 0.5, and a simulated FP data capture is generated matching the experimental

parameters used for the USAF and fingerprint datasets (focal length=75 mm, aperture

diameter = 2.5 mm, overlap = 72%, synthetic aperture size = 15.1 mm). As the

contrast decreases in the amplitude of the high-resolution object, a larger area of the

captured images (left column of Figure 5.11) exhibits speckle. The reconstruction

quality degrades as the contrast increases (right column of Figure 5.11). Speckle

appears in the background, and fine features that can be seen with a relatively high

contrast (first row) are no longer resolvable (third row).

Naturally, when the amplitude of the background is non-zero, speckles will form.

Removing the speckle from the background will require stronger regularization than

the method presented in this paper, and is a promising avenue of research. Alternative

strategies, such as destroying temporal coherence to reduce speckle contrast have been

employed in FP microscopy [71], and may be of some benefit in near- to mid-range

macroscopic imaging.

By far, the greatest impediment to full-scale adoption of SAVI is data dimen-

sionality. If samples are collected on a regular grid, the number of measurements

grows quadratically with the diameter of the synthetic aperture. Alternative sampling

strategies for weak scatterers have been proposed for both conventional ptychogra-
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Figure 5.12 : Distributed sampling for diffuse objects: Top: Sampling patterns
for SAVI. Small green circles indicate the center of the aperture for each measure-
ment, light green fill demarcates the synthetic aperture, black dashed circles show
the apertures at the boundary of the synthetic aperture. Top left: Conventional sam-
pling scheme for FP. Top right: Capturing just the three outer rings of the dense
regular grid. Sampling a weakly scattering object in such a manner would be insuffi-
cient to recover a high-resolution image as the most important information would not
be recorded. However, diffuse objects distribute information throughout the Fourier
domain and annular sampling is sufficient to recover a high-resolution image. Bot-
tom: Three outer rings offer enough redundancy for the phase retrieval algorithm
to converge to a good solution. Unacceptable levels of artifacts start entering the
reconstruction with two outer rings, and the algorithm fails to converge with just the
outermost ring of measurements.
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phy [94] and Fourier ptychography [67] that succeed in reducing the total number of

measurements for a given aperture size, but do not substantially ebb the quadratic

growth as the diameter increases. A subsampling technique that reduces the number

of measurements to be linear, or even sublinear, in diameter will be required to create

very large SAVI (> 10×) without succumbing to a deluge of measurements.

Furthermore, the sampling techniques employed in FP microscopy take advantage

of the structured nature of the Fourier transform of weakly scattering objects. For

diffuse surfaces, information is distributed evenly across the Fourier domain and there

is no guarantee that the structured subsampling approaches of FP microscopy will

hold. For example, consider the annular sampling scheme presented in Figure 5.12. A

diffuse object with random phase has no preference for sampling and a high-resolution

image with decent fidelity can be acquired by just sampling the outer rings of the con-

ventional grid. Sufficient overlap is still required to recover the image as is sampling

a sufficiently large portion of the Fourier domain. While the annular sampling tech-

nique is not necessarily a subsampling method, it does illustrate that diffuse objects

can support unorthodox sampling patterns and still recover

In this work, as in [59], the diffraction blur incident on the image sensor satisfies

the Nyquist sampling requirements. This is a reasonable assumption for long-distance

imaging where building a lens with a large aperture is prohibitively expensive, and

more affordable lenses with smaller f -numbers will produce diffraction blur that sat-

isfies the Nyquist sampling rate. However, in mid- to short-distance imaging smaller

focal lengths are necessary to resolve the same level of detail which greatly reduces

the cost of a lens with larger f -numbers†, reducing the diffraction spot size below the

Nyquist rate. Dong et al. [67] and Sun et al. [95] propose techniques for sub-Nyquist

†Figure 1.1 shows that the cost of a lens increases exponentially as focal length increases.
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sampling rates for weakly scattering objects such as biological samples. A considered

investigation into the application of these techniques, as well as the interplay between

the additional complexity of recovering sub-Nyquist and recovering diffuse objects is,

required.
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Chapter 6

Conclusion
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In this thesis, we have proposed using Fourier ptychography to create Synthetic

Apertures for Visible Imaging, SAVI, to dramatically improve resolution in long dis-

tance imaging. Whereas existing super-resolution techniques only offer a 2× improve-

ment in resolution, the gains in ptychography are (theoretically) orders of magnitude

greater. In a transmission geometry, we have demonstrated resolution gains of 7.12×

for real scenes (an improvement over the 4× gains reported in the literature) and

show simulation results with 10× improvement in resolution.

The main contribution of this thesis is that we have demonstrated the first im-

plementation of a macroscopic, reflective Fourier ptychography imaging system that

is able to reconstruct diffuse objects. Resolution improvements of 6× are validated

experimentally, and reconstructions of other common objects demonstrate the versa-

tility of FP to recover diffuse objects. These findings suggest that not only is creating

a synthetic aperture for visible imaging feasible, but the prospects are also good for

building a full-scale imaging platform in the near future.

As promising as these results are, there are still additional factors that will need

to be overcome in a full-scale SAVI implementation. In this thesis, we have only

considered diffraction to be the limiting factor in spatial resolution loss. Atmospheric

turbulence, long the bane of astronomers, will also affect image measurements made

over large distances. There is some hope that the redundancy in the measurements for

FP can help mitigate the effects of turbulence, just as aberrations and imperfections

in the pupil function can be modeled and corrected, but significant research will be

needed before dynamic effects can be incorporated into the model. An alternative

approach to modeling the dynamic effects of turbulence would be to capture all of

the data necessary to reconstruct the synthetic aperture in a single snapshot. In

such a manner we could “freeze the atmosphere” similar to the short exposure images
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proposed by [82] for stellar imaging.

Multiplexing illumination to capture disparate regions of Fourier space in a single

measurement, [65, 66], has been shown to be a fast and robust sampling method

provided the target satisfies the thin object approximation. In previous work, not

included in this thesis, we have simulated using an array of cameras fitted with

inexpensive lenses and multiplexed illumination to capture images simultaneously, as

a means to capture dynamic scenes [96]. However, this proposed scheme also implicitly

relies on the thin object approximation and cannot be directly implemented. The

subsurface scattering permitted in this thesis is dependent on illumination angle and

cannot be modeled as a thin object; a more general convolutional model will need to

be considered before multiplexed illumination becomes a feasible solution for diffuse

objects.

While this thesis has not solved every challenge that SAVI will face, our results

lays important groundwork toward achieving a practical implementation of synthetic

apertures for visible imaging.
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Appendix A

Image Formation with a Focusing Lens
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Figure A.1 : A simplified depiction of the imaging geometry used in this
thesis

A.1 Forward Model Using a Focusing Lens

The forward model described in Chapter 2 assumes that the separation distance

between the object and camera lens satisfies the Fraunhofer approximation for far-

field diffraction. Far-field approximations are valid when the distance between the

object and camera is greater than [50]:

z >
2d2

λ
. (A.1)

For an illumination wavelength of λ = 532 nm and a lens aperture of d = 2.5 mm,

the camera would have to be positioned at least 25 meters away from the target for

the Fraunhofer approximation to hold. Increasing the aperture ten-fold would require

a separation distance of at least 2500 meters.
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To circumvent the massive separation requirements necessary to satisfy the Fraun-

hofer approximation organically, a lens is used to focus light on the aperture of the

camera, which also satisfies the Fraunhofer approximation. Here we demonstrate that

the analysis presented in Chapter 2 holds for our experimental setup and that use of

a focusing lens incurs no additional penalty beyond an extra quadratic phase term.

A more rigorous formulation of the forward model is demonstrated using Fresnel

propagation.

For compactness, the analysis in this appendix follows the operator notation pre-

sented in [50]. Free-space propagation is denoted by R[a], scaling by a constant is

denoted by V [b], and multiplication by a quadratic-phase exponential is denoted by

Q[c]. These three terms are defined as operating on field U(x) as:

R[a]{U(x1)} =
1√
jλa

∫ ∞

−∞
U(x1)ej(k/2a)(x2−x1)2dx1,

V [b]{U(x)} =
√
|b|U(bx),

Q[c]{U(x)} = ej
k
2
cx2

U(x).

The Fourier transform is denoted by the operator F .

A simplified illustration of the imaging configuration is shown in Figure A.1, where

the distances between each optical element are labeled. Note that in the experiment,

the coherent source is passed through a pinhole which is approximated as the point

source shown in Figure A.1. In the experiment two constraints on the geometric

optics are satisfied though the well-known lens law,

1

z1

+
1

z2 + z3

=
1

f1

, (A.2)

1

z3

+
1

z4

=
1

f2

. (A.3)

Let the complex reflectivity function of the object be denoted as O. Analysis of this
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system is separated into three stages, propagation from the light source to the object

plane, propagation from the object to the aperture of f2, and finally propagation from

the aperture to the image sensor plane. These three stages are denoted as S∞, S∈,

and S3 respectively.

Spherical waves emanating from the laser source are modeled as a quadratic-phase

exponential. Light from the source travels a distance z1 to the focusing lens (Q[ 1
z1

]),

picks up a quadratic phase from the lens (Q[− 1
f1

]), and propagates a distance z2

(R[z2]) to the object. The field immediately after the object is

OS1 = OR[z2]Q
[
− 1

f1

]
Q
[

1

z1

]
,

= OR[z2]Q
[
− 1

f1

]
Q
[

1

f1

− 1

z2 + z3

]
,

= OR[z2]Q
[
− 1

z2 + z3

]
,

= OQ
[
− 1

z3

]
V
[
z2 + z3

z3

]
R
[
z2(z2 + z3)

z3

]
,

= CQ
[
− 1

z3

]
O. (A.4)

In lines 2-4 of Eq. (A.4), 1/z1 is substituted using Eq. (A.2), exponential terms are

collected, and a relationship between operators R[a]Q[c]∗ is used to expand terms.

Assuming that the illumination is uniform, the operators V
[
z2+z3
z3

]
R
[
z2(z2+z3)

z3

]
are

constants collected into C. Finally, the ordering of Q
[
− 1
z3

]
and O is commutative

giving the final expression in Eq. (A.4).

∗Table 5.1, pg. 118 [50]
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The field at the aperture plane of the imaging lens is given by

S2OS1 = R[z3] · CQ
[
− 1

z3

]
O,

= CQ
[

1

z3

]
V 1

λz3

FQ
[

1

z3

]
Q
[
− 1

z3

]
O,

= CQ
[

1

z3

]
V
[

1

λz3

]
FO. (A.5)

A relation between the operators is used to expand R[z3]†, and two quadratic phase

terms cancel, resulting in the final expression in Eq. (A.5).

At this point, we have a field at the aperture plane of the imaging lens that is

a scaled Fourier transform of the object’s field with an additional quadratic phase

term. This coincides with the Fraunhofer diffraction approximation used to begin

the analysis of the forward model. The rest of the analysis proceeds as described in

Chapter 2.

†Eq. (5-51), pg. 117 [50]



95

Bibliography

[1] G. Zheng, R. Horstmeyer, and C. Yang, “Wide-field, High-resolution Fourier
Ptychographic Microscopy,” Nature Photonics, vol. 7, no. 9, pp. 739–745, 2013.

[2] P. Walkenhorst, “World’s Most Expensive Camera Lens,” April 2012.
http://www.apotelyt.com/photo-lens/leica-most-expensive-lens.

[3] J. C. Curlander and R. N. McDonough, Synthetic Aperture Radar: Systems and
Signal Processing. Wiley, 1991.

[4] K. Nasrollahi and T. B. Moeslund, “Super-resolution: A Comprehensive Survey,”
Machine Vision and Applications, vol. 25, no. 6, pp. 1423–1468, 2014.

[5] A. Fruchter and R. Hook, “Drizzle: A Method for the Linear Reconstruction of
Undersampled Images,” Publications of the Astronomical Society of the Pacific,
vol. 114, no. 792, pp. 144–152, 2002.

[6] B. Wilburn, N. Joshi, V. Vaish, E.-V. Talvala, E. Antunez, A. Barth, A. Adams,
M. Horowitz, and M. Levoy, “High Performance Imaging Using Large Camera
Arrays,” ACM Transactions on Graphics (TOG), vol. 24, no. 3, pp. 765–776,
2005.

[7] C. J. Schuler, M. Hirsch, S. Harmeling, and B. Schölkopf, “Non-stationary Cor-
rection of Optical Aberrations,” in Computer Vision (ICCV), 2011 IEEE Inter-
national Conference on, pp. 659–666, IEEE, 2011.

[8] S. B. Kang, “Automatic Removal of Chromatic Aberration From a Single Image,”
in Computer Vision and Pattern Recognition, 2007. CVPR’07. IEEE Conference
on, pp. 1–8, IEEE, 2007.

[9] M. J. Booth, “Adaptive Optics in Microscopy,” Philosophical Transactions of the
Royal Society of London A: Mathematical, Physical and Engineering Sciences,
vol. 365, no. 1861, pp. 2829–2843, 2007.

[10] K. Dabov, A. Foi, V. Katkovnik, and K. Egiazarian, “Image Denoising by Sparse
3-D Transform-domain Collaborative Filtering,” Image Processing, IEEE Trans-
actions on, vol. 16, no. 8, pp. 2080–2095, 2007.

http://www.apotelyt.com/photo-lens/leica-most-expensive-lens


96

[11] B. L. Ellerbroek, “First-order Performance Evaluation of Adaptive-optics Sys-
tems for Atmospheric-turbulence Compensation in Extended-Field-of-View As-
tronomical Telescopes,” JOSA A, vol. 11, no. 2, pp. 783–805, 1994.

[12] D. L. Fried, “Probability of Getting a Lucky Short-Exposure Image Through
Turbulence,” JOSA, vol. 68, no. 12, pp. 1651–1657, 1978.

[13] N. Joshi and M. F. Cohen, “Seeing Mt. Rainier: Lucky Imaging for Multi-
image Denoising, Sharpening, and Haze Removal,” in Computational Photog-
raphy (ICCP), 2010 IEEE International Conference on, pp. 1–8, IEEE, 2010.

[14] M. C. Roggemann, B. M. Welsh, and B. R. Hunt, Imaging Through Turbulence.
CRC press, 1996.

[15] J. Holloway, A. C. Sankaranarayanan, A. Veeraraghavan, and S. Tambe, “Flutter
Shutter Video Camera for Compressive Sensing of Videos,” in Computational
Photography (ICCP), 2012 IEEE International Conference on, pp. 1–9, IEEE,
2012.

[16] R. Raskar, A. Agrawal, and J. Tumblin, “Coded Exposure Photography: Motion
Deblurring Using Fluttered Shutter,” ACM Transactions on Graphics (TOG),
vol. 25, no. 3, pp. 795–804, 2006.

[17] A. Levin, P. Sand, T. S. Cho, F. Durand, and W. T. Freeman, “Motion-Invariant
Photography,” ACM Transactions on Graphics (TOG), vol. 27, no. 3, p. 71, 2008.

[18] S. Borman and R. Stevenson, “Spatial Resolution Enhancement of Low-
resolution Image Sequences-A Comprehensive Review With Directions for Future
Research,” Lab. Image and Signal Analysis, University of Notre Dame, Tech.
Rep, 1998.

[19] S. Baker, T. Sim, and T. Kanade, “When is the Shape of a Scene Unique Given
Its Light-Field: A Fundamental Theorem of 3D Vision?,” Pattern Analysis and
Machine Intelligence, IEEE Transactions on, vol. 25, no. 1, pp. 100–109, 2003.

[20] A. W. Lohmann, “Scaling Laws for Lens Systems,” Applied Optics, vol. 28,
no. 23, pp. 4996–4998, 1989.

[21] X. Ou, G. Zheng, and C. Yang, “Embedded Pupil Function Recovery for Fourier
Ptychographic Microscopy,” Optics Express, vol. 22, no. 5, pp. 4960–4972, 2014.

[22] R. Horstmeyer, X. Ou, J. Chung, G. Zheng, and C. Yang, “Overlapped Fourier
Coding for Optical Aberration Removal,” Optics Express, vol. 22, no. 20,
pp. 24062–24080, 2014.

[23] L. Bian, G. Zheng, K. Guo, J. Suo, C. Yang, F. Chen, and Q. Dai, “Motion-
corrected fourier ptychography,” arXiv preprint arXiv:1606.01464, 2016.



97

[24] G. Carles, J. Downing, and A. R. Harvey, “Super-Resolution Imaging Using a
Camera Array,” Optics Letters, vol. 39, no. 7, pp. 1889–1892, 2014.

[25] K. Venkataraman, D. Lelescu, J. Duparré, A. McMahon, G. Molina, P. Chatter-
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