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ABSTRACT

This thesis discusses the first Spatial Frequency Modulation Imaging (SPIFI) system
capable of collecting data at video rate speeds. In the brief history of SPIFI, systems have
been limited in imaging dynamic samples due to line imaging rates in the range of 20 to 30
hertz. The creation of a Video Rate SPIFI (V-SPIFI) system, utilizing a stationary
reflective rectangular modulation plane and an air-bearing polygonal scan mirror, allows
for dynamic sample imaging with concurrent data availability. The resulting V-SPIFI
system is capable of capturing line images over 240 times faster than previous SPIFI
systems. By implementing a prototype electronic optical control subsystem, the V-SPIFI
system is also capable of automatically scanning a sample and rendering 25 first and
second harmonic order images in approximately five seconds.

To provide context, a brief history of modern microscopy techniques and limitations is
included. Next, using the theory of SPIFI imaging, the modeling and construction of the
six interconnected optical and electronic subsystems required for the V-SPIFT system are
detailed. Resulting first and second order harmonic images are presented, including pixel
size and estimated first order image resolution. A visual verification of image accuracy is
also provided. Finally, concepts for future V-SPIFI systems are discussed, as well as

possible applications of the V-SPIFI system.
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CHAPTER 1
INTRODUCTION

The development of novel microscopes empowers scientists to reveal the unseen world.
Advances in microscopy also have a compounding e ect on the greater scienti ¢
community, as demonstrated by the invention of the compound microscope by Zacharias
Janssen in the late 18 century [1]. While his design was improved and used by famous
scientists such as Galileo [2], the signi cance of Jannsen's invention became clear nearly 80
years later. With the publication Micrographia by Robert Hooke in 1665, Hooke's detailed
observations and illustrations of samples through a compound microscope altered the
general population's perception of the natural world. Arguably, Hooke's greatest
contribution to the scienti c community was the description and illustration of a cork
sample. Noticing boxlike cavities, which he named \cells," Robert Hooke became the rst
human to observe the building blocks of all living creatures on Earth [3]. Inspired by
Micrographia, Dutch tradesman Antonie van Leeuwenhoek learned to create lenses and in
1674, likely became the rst person to observe microorganisms [4]. Leeuwenhoek also
published the rst illustrations of bacteria in 1683 [4]. In a time when spontaneous
generation of organisms was considered a valid scienti ¢ theory [5], the compound
microscope and scientists like Hooke and Leeuwenhoek were the impetus to launch
scienti ¢ elds that have subsequently changed the world, including, but not limited to,
cellular biology, microbiology, and epidemiology.

1.1 Current State of the Art Laser Microscopes

Over 350 years after the invention of the compound microscope, in 1955 Marvin Minsky
revolutionized the eld of microscopy by creating the world's rst confocal microscope [6].
Figure 1.1 illustrates the basic mechanism of a confocal microscope. In his initial patent,
Minsky described using an electric light bulb as a light source for the confocal microscope
[7]. In the following decades, by implementing Light Ampli cation by Stimulated Emission

of Radiation (LASER) [8, 9], scientists were able to improve the resolution of images



produced using confocal microscopy.

Figure 1.1: lllustration of a confocal microscope. By placing a pinhole aperature
(a) in front of a light source and another pinhole pinhole aperature (c) in front of

a detector, confocal microscopes are able to reject light outside the desired sample
image plane (b). The black rays represent light at the desired sample image

plane. The dashed rays demonstrate light outside the desired sample image plane
failing to reach the detector [10].

Laser confocal microscopy systems use a variety of techniques including multiphoton
microscopy, single pixel detection, and multiplexing in an attempt to improve data
acquisition speed and resolution [11, 12]. Each of these techniques have drawbacks which
limit either data acquisition speed or image resolution. Multiphoton confocal microscopy
systems have been utilized to capture data at video rate speeds; approximately 33
milliseconds per image [11]. Although video rate data capture speeds enable dynamic
sample imaging, two dimensional pixel array detectors are required. Two dimensional pixel
arrays limit the signal to noise ratio of captured images due to scattering [13].

Single pixel detectors have been utilized in confocal systems to reduce scattering.
However, due to the small sample image plane size inherent to confocal microscopes, the
image sample plane must scan over each part of the sample to capture an image. While
multiplexing has been has been shown to decrease sample scan time [12], despite their

increased resolution, single pixel detector confocal systems capture image data slower than

their two dimensional pixel detector counterparts. Current state of the art multiplexing



single pixel detector confocal microscopes are able to capture images at approximately 270
milliseconds per image [12]. Figure 1.2 shows how a multiplexing confocal microscope

scans a sample.

Figure 1.2: Example of how a confocal microscope utilizes a multiplexing detector
to scan a sample. Each circle represents a beam excitation point, and the dotted
lines represent the path that each point takes when scanning a sample. Using a
computer, the data from these spot scans is combined together to produce an
image [12].

Although confocal systems are still prevalent in the eld of microscopy, alternative
imaging techniques have been developed. In 1991, Sanders, et al. demonstrated a novel
imaging technique where light was encoded with the spatial information of a sample using
frequency-modulated reticles. [14]. Futia, et al. used this technique to develop an imaging
method known as Spatial Frequency Modulation Imaging (SPIFI) in 2011 [15]. Chapter 2
discusses the theory of SPIFI. To summarize, the SPIFI technique involves using a
modulation plane to modulate a line cursor, then passing the modulated line cursor
through a sample. By passing through the sample, the modulated line cursor is encoded
with the spatial information of the sample. The modulated line cursor encoded with the
sample's spatial information is then focused into a single pixel photodiode detector,
producing a time varying signal function. By performing a Fourier transform of the signal

function, the spatial information encoded by the sample can be reconstructed to produce a

one dimensional line image of the sample. By combining multiple one dimensional line
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images from a sample, a two dimensional image can be constructed. Current state of the
art SPIFI systems are able to capture the data necessary for a single two dimensional
image at a rate of approximately 2.3 seconds per image [16].

Unlike single pixel confocal microscope systems, the line cursor used to scan over
samples in a SPIFI system is able to rasterize large portions of a sample while only
requiring a single pixel detector. While SPIFI eliminates the need for a two dimensional
photodiode pixel detector, current SPIFI systems are unable to capture data at video rate
speeds, preventing accurate imaging of dynamic samples.

1.2 Summary

In this thesis, | present my contribution to the eld of SPIFI microscopy by
documenting the rst functional Video Rate Spatial Frequency Modulated Imaging
(V-SPIFI) system. The V-SPIFI system is capable of capturing data using the SPIFI
method at video rate speeds. In the following chapter, | explain the theory of the V-SPIFI
system and the system's ability to capture line images over two orders of magnitude faster
than previous state of the art SPIFI systems. In chapter three, | document the modeling
and construction of the six seperate subsystems necessary for the V-SPIFI system to
operate. These subsystems include a prototype Electronic Optical Control Subsystem
capable of automatically scanning a modulated line cursor over a sample. This Optical
Control Subsystem allows the V-SPIFI system to capture the data necessary for a two
dimensional image at a rate of approximately 41.5 frames per second and render two
dimensional images at a rate of approximately 5 frames per second. In chapter four, | show
rst and second order images of samples collected by the V-SPIFI system. | conclude this
thesis by proposing possible changes that would enhance the V-SPIFI system, as well as

closing remarks explaining applications of the system to other scienti ¢ elds.



CHAPTER 2
THEORY OF VIDEO RATE SPATIAL FREQUENCY MODULATION IMAGING

The V-SPIFI system described in this thesis creates images using the same principles as
coherent SPIFI systems developed by Futia, et al in 2011 [15]. Figure 2.1 illustrates the
schematic of a conventional SPIFI system. Conventional coherent SPIFI systems create
images by passing a coherent input beam through a cylindrical lens, turning the beam into
a line cursor. Next, the line cursor is spatially modulated after passing through a rotating
modulation plane. The modulated light is then focused through the target sample by
imaging optics. After passing through the sample, the light is collected and focused onto a
single element detector producing a signal function. Line images are generated from this

signal function as summarized below.

Figure 2.1: Schematic of the SPIFI system developed by Futia, et al. [15]

2.1 Sequence of SPIFI Image Calculation
The transverse extent of the illumination eld is described mathematically using
Equation 2.1, wherex represents the modulation directionC:C: represents the complex

conjugate, andu(x) represents the normalized spatial pro le of the eld:

= Eoqu(x)€' °' + C:C: (2.1)

Coherent Illlumination



The modulation plane pattern used to modulate the incoming line cursor is created

using

LM
2

Equation 2.2 is a function of spacex) and time (t) where! (t) = rect(ﬁ) where Ty,

m(x;t) = [1+cos(2 xt )]: (2.2)
is the modulation period [10], and the cosine function is modulated by the window(t).
The modulation plane, also called a \SPIFI mask", encodes the line cursor with spatial
and temporal information. The incoming light at an arbitrary distancex. across the line
cursor is modulated at a central frequency df. = x .. The modulation of the line cursor
after passing through the mask with respect to spatial positionx) and time (t) can be
representd by
L(t)
2
After passing through the SPIFI mask, the light is focused through the sample.

Mshifted (X; t) = [L+cos(2 (x Xt (2.3)
Mathematically, the sample is treated as a di raction grating for simplicity. The light

exiting the sample is represented by
Emod = Eou(X)g(x)m(x X t)€" ot + C:C: (2.4)

where g(x) describes the transmission function of the sample.

By mapping a temporal frequency to a speci c location on the line cursor, as described
by Equation 2.3, light exiting the sample is temporally encoded. The information of each
spatial location on the sample is multiplexed in the time domain. The intensity of the eld

containing the encoded sample information is represented by
L (x;t) = loju(X)g(x)m(x  Xc;1)j% (2.5)

which is calculated by taking the absolute value squared of Equation 2.4. In Equation 2.5,
lo = “2jEoj? is the intensity coe cient.

Light exiting the sample is captured by a single pixel detector. The single pixel
detector integrates the intensity over the area of the photodiode to generate a time-varying

signal function which is represented by



s(t) = ’ | (x;t)dx: (2.6)
The variable s(t) represents the signal function output, while represents detector
e ciency. A sample signal output from the completed V-SPIFI system, captured using a
single detector photodiode, is shown in Figure 2.2. By expanding Equation 2.6 with the
intensity of the eld and the modulation function, Equations 2.5 and 2.2 respectively, the
equation for the complete signal function captured by the a single pixel detector can be
found using

z

s(t) = o it i%uC)g()if [l +cos2 (x  xt)dx: (2.7)

4

Figure 2.2: Example of a measured time varying signal from the V-SPIFI system.

cos(2) ' Equation 2.7 can be

By using the trigonometric identity co$(x) = % + ==

simpli ed, resulting in
z

lo

s(t) = =7 it ()j%ju(x)g(x)j? 2+Zcos(2 (X X)t)+ ;cos(4 (X x)t) dx: (2.8)

Simplifying the full signal function gives
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() = 215000 + S0+ S (0] 29)

where
8= 31 OF jugore (210)
(0= 211 OF  ju00amcos2 (x xJ0e 211
2= 51 OF ugFcosE (x xox 212

are the direct current, rst harmonic, and second harmonic functions respectively.
Equation 2.11 can be rewritten as a sum of exponentials,
z
si(t) = j! (D)j2e 27X ju(x)g(x)j?€?" **dx + C:C: (2.13)
Equation 2.13 can be spatially Fourier transformed to recover the multiplexed data of the
sample encoded in the light by the SPIFI mask. The data resulting from the Fourier
transform produces a line image of the sample.
The signal recovered from the single pixel detector can found by writing Equation 2.13
in terms of phase and amplitude:
z
G(fx)  ju(x)g(x)j*e?" **dx = Ffj u(x)g(x)j’g: (2.14)
The signal on the photodiode can be found by rewriting Equation 2.13, in terms of

phase and amplitude of Equation 2.14. The resulting equation,
SCoherentSignaI (t) = Zj! (t)JZJG( t )J COS[Zf ct + EiG( t )], (2-15)

shows the signal as a product of an oscillating function and the amplitudes of the spatial
frequencies.

Figure 2.3 is the line image produced by Fourier transforming the signal function shown
in Figure 2.2. To reduce low frequency noise, a at top window function was applied to the

signal function seen in Figure 2.2 before it was Fourier transformed.



Figure 2.3: Line image constructed from the time varying signal function shown
in Figure 2.2

2.2 Data Acquisition Speed

Equations 2.1 to 2.15 describe the process by which images are created in a typical
SPIFI system. With a typical spinning SPIFI mask system, line images similar to Figure
2.3 are captured at a rate of approximately 20 milliseconds per line image [15]. To
construct a two dimensional image of a sample, multiple one dimensional line images are
combined into a single two dimensional array. In a two dimensional array consisting of 100
line samples, Equation 2.16 shows the data acquisition speeds capable of a Interferometric

SPIFI system, which utilizes a conventional rotating modulation plane [16].

23 ms 100 Line Images_ 2:3 seconds
Line Image 2D Image 2D Image

:43 Frames per Second (2.16)

Figure 2.2 shows a single signal function acquired from a functional V-SPIFI system.

The V-SPIFI system was capable of capturing a single line image in approximately 96

9



microseconds. Equation 2.17 demonstrates the theoretical speed at which the completed
V-SPIFI system is capable of producing a two dimensional image consisting of 100 separate

one dimensional line images.

96 s 100 Line Images_ 9:6 milliseconds,

' = 104 F S d (2.17
Line Image 2D Image 2D Image rames per Second ( )

The completed V-SPIFI system is capable of collecting line images over two orders of
magnitude faster than a conventional rotating mask SPIFI system. In order to produce
two dimensional images at this line image collection speed, the completed V-SPIFI system
utilized a stationary rectangular modulation plane and an air-bearing polygonal scan

mirror. The design and construction of the V-SPIFI system is described in Chapter 3.
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CHAPTER 3
MODELING AND CONSTRUCTION OF THE V-SPIFI SYSTEM

Figure 3.1 is a block diagram showing the di erent subsystems used in the construction
of the V-SPIFI system. The following sections show the design and execution of each
subsystem resulting in a V-SPIFI system capable of generating images. Each optical

subsystem was modeled in Zemax prior to being constructed in the lab.

Figure 3.1: Block diagram outlining the subsystems in the V-SPIFI system.

3.1 Coherent Light Source

An 800 nm, central wavelength, 300 milliwatt titanium-sapphire (Ti:sapphire) laser was
used to produce the coherent input beam necessary for the V-SPIFI system to operate.
3.2 Beam Expander

A beam expander was implemented in the V-SPIFI system to magnify the size of the
input beam to ensure the input beam illuminated the entire rectangular SPIFI mask. A

model of the beam expander setup is shown in Figure 3.2.

Figure 3.2: Model of the Beam Expander Subsystem. Optic A is the input lens
and Optic B is the output lens. All distances are in millimeters.

11



Optic A is a Thorlabs LB1901 lens. The LB1901 is a one inch diameter, anti-re ection
coated bi-convex lens made from N-BK7 (borosilicate-crown glass). Optic B is a Thorlabs
LB1779-A lens. The LB1779-A is a one inch diameter, anti-re ection coated bi-convex lens
made from N-BK7. The beam expander magni es the input beam by a factor of four, as

demonstrated by Figures 3.3a and 3.3b.

(a) Spot diagram before the beam expander (b) Spot diagram after the beam expander

Figure 3.3: Modeled spot diagrams comparing beam diameters before and after
the beam exapander.

The model of the beam expander illustrated in Figure 3.2 was used to build the beam
expander in the lab. The picture of the constructed beam expander is shown in Figure 3.4.
Once the position of the lab-built beam expander's lenses were adjusted to the
speci cations of the model, the beam expander was considered complete. With the
incoming coherent light source magni ed, the next subsystem constructed was the

Modulation Plane Subsystem.

Figure 3.4: Beam expander constructed from the model shown in Figure 3.2. The
arrows shows the direction the input beam passes through the system. Optic A is
the input LB1901 lens, and Optic B is the exit LB1779-A lens.

12



3.3 Modulation Plane
The Modulation Plane Subsystem in the V-SPIFI system required multiple optics and
an air-bearing polygonal scan mirror to scan the beam across the mask. A model of the

modulation plane (scan engine) is illustrated in Figure 3.5.

Figure 3.5: Zemax model of the V-SPIFI system's scan engine. All distances are
in millimeters.

Optic A in Figure 3.5 represents a Thorlabs ACY254-100-B cylindrical lens. This
cylindrical lens was used to turn the light exiting the beam expander into a line cursor.
Optic B in Figure 3.5 represents a reverse facing Thorlabs LSMO5 telecentric scan lens.
Telecentric scan lenses produce a at image plane, even when incoming light enters the lens

at an angle, as demonstrated by Figure 3.6.

Figure 3.6: Model of a LSMOS5 telecentric scan lens demonstrating how light entering
at di erent angles exits onto a at image plane. All distances are in millimeters.

13



Scan lenses allow light to move predictably across a given area and are essential in the
V-SPIFI system to ensure the line cursor produced by the cylindrical lens is scanned across
the SPIFI mask uniformly.

Optic C in Figure 3.5 represents the location of an air-bearing polygonal scan mirror.
The polygonal scan mirror used in the V-SPIFI system has 25 individual re ective facets
and rotates at approximately 10,000 revolutions per minute. Figure 3.7 shows data
collected from the V-SPIFI system in one revolution of the polygonal scan mirror. Each
peak in Figure 3.7 is a signal function with a similar shape to the signal function

illustrated in Figure 2.2.

Figure 3.7: Example time varying signal functions captured from the V-SPIFI
system after one revolution of the polygonal scan mirror. Each peak is a signal
function resulting when one of the 25 facets of the polygonal scan mirror scans
the line cursor over the modulation plane.

Optic D in Figure 3.5 represents a forward-facing Thorlabs LSMO05 scan lens. The scan
lens directs the line cursor re ected by the facets of the polygonal scan mirror at di erent
angles onto Optic E, the rectangular SPIFI mask. Figure 3.8 shows how the forward and
reverse facing LSMO5 scan lenses focus light exiting the polygonal scan mirror at di erent

angles onto the sample image plane.
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Figure 3.8: Zemax model demonstrating how the V-SPIFI scan engine accounts
for light exiting the polygonal scan mirror at di erent angles. All distances are in
millimeters.

Traditional SPIFI systems use a modulation plane designed in Polar coordinates and
engraved on a transparent mask, referred to as a circular SPIFI mask. The V-SPIFI
system uses a modulation plane designed in Cartesian coordinates and engraved on a
protected silver mirror, referred to as a rectangular SPIFI mask. Figures 3.9a and 3.9b

show computer generated circular and rectangular SPIFI masks.

(a) Traditional circular SPIFI mask (b) V-SPIFI rectangular SPIFI mask
Figure 3.9: SPIFI masks generated using Equation 2.2.

Optics F, G, and H in Figure 3.5 represent a backwards facing LSMO5 telecentric scan

lens, the polygonal scan mirror, and a forward-facing LSMO5 scan lens respectively. These

15






	Abstract
	Table of Contents

	LIST OF FIGURES
	ACKNOWLEDGMENTS
	Introduction
	Current State of the Art Laser Microscopes
	Summary

	Theory of Video Rate Spatial Frequency  Modulation Imaging
	Sequence of SPIFI Image Calculation 
	Data Acquisition Speed

	Modeling and Construction of the V-SPIFI system
	Coherent Light Source
	Beam Expander
	Modulation Plane
	Imaging Optics and Sample Plane
	Collection Optics and Detector
	Control Electronics and Image Rendering
	Image Rendering
	Laser Timer
	Microcontroller


	Results
	First Order Imaging
	Second Order Imaging

	Future Works and Conclusion
	Multiphoton Microscopy Implementation
	Rectangular SPIFI Mask Redesign
	Image Rendering Speed
	Real Time Video Rate Imaging Display
	Concluding Remarks

	BIBLIOGRAPHY
	Supplemental Electronic Files

