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ABSTRACT 

Enhanced super-resolution microscopy by phase modulation 

by 

Wenxiao Wang 

Super-resolution microscopy typically achieves high 2D spatial resolution 

but the detection of depth is always difficult. At the same time the temporal 

resolution remains low and obstructs most biological and chemical researches. In 

this thesis, I firstly introduced the depth detection method via phase modulation 

with a 4f system. In the Fourier domain, a phase mask encodes the depth 

information with a specific phase pattern, double helix phase mask. The final point 

spread functions deviates from the standard Gaussian point spread functions and 

the depth information can be measured with high precision by fitting the 

corresponding double helix point spread functions.  

Based on the 4f system, I modified the instrument and propose a novel 

technique Super Temporal-Resolved Microscopy (STReM) to improve the temporal 

resolution of 2D super-resolution microscopy. The fundamental basis for STReM is 

the utilization of a double helix phase mask which is rotated at fast speeds to encode 

temporal information in Fourier domain. The signal can be analyzed either by single 

emitter fitting or a 𝑙1norm constrained optimization process, which is based on 

dynamic properties of emitter movement. STReM has been verified using both 

simulated and experimental 2D data for adsorption/desorption and 2D transport. 



 
 

The temporal resolution has been improved roughly 20 times when comparing 

traditional methods to that of the novel method of STReM presented in this thesis.  
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Chapter 1 

Introduction 

1.1. Super-resolution microscopy 

Super-resolution fluorescence microscopy [1-7] breaks the Abbe Diffraction Limit in 

space and is widely applied to image live cell structures [8, 9], study the dynamics of 

protein molecules [10-12], and understand interfacial materials and their biological 

properties [13-15]. The traditional microscope is restricted by the Abbe Diffraction 

Limit, which is about half of the probing wavelength [3]. Emitters close to each other 

within the Abbe Diffraction Limit cannot be distinguished with traditional 

microscopy and the spatial resolution is then defined as the error of detecting 

different emitters within proximity to each other under the Abbe Limit. Super-

resolution microscopy has been developed to push the intrinsic behavior of light by 

imaging beyond the spatial resolution dictated by Abbe Diffraction Limit. Current 

well developed methods for achieving super-resolution microscopy are listed but 
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not limited to: Stochastic Optical Reconstruction Microscopy (STORM) [3], Photo-

activated localization microscopy (PALM) [1], fluorescence photoactivation 

localization microscopy (fPALM) [2], and Stimulated emission depletion (STED) 

microscopy [7]. In the first three techniques, photoswitchable fluorophore pairs are 

used to attach to the targeted protein or DNA molecules. One laser switches all the 

fluorophore to dark states and the other laser stochastically switches the 

fluorophore to the fluorescent state, as shown in Figure 1.1a. Therefore only a 

sparse subset of fluorescent emitters are excited in one raw frame. The density of 

activated fluorescent emitters turns out to be low so that most of them do not 

overlap with each other. As a result of low emitter coverage, localization of each 

emitter can be done independently by using minimal likelihood estimators thus the 

spatial resolution is enhanced. Finally the super-resolved image can be obtained via 

computational iterations of localization fittings of the emitters PSF, which benefits 

from the good properties of switchable fluorophore that is able to be switched on 

and off repeatedly for thousands of times. In traditional super-resolution 

microscopy a typical spatial resolution of ~20 nm can be obtained by localizing the 

isolated point spread functions (PSFs), the response of the microscope to a point 

source [1-3]. In the STED super-resolution microscopy, diffractive optical elements 

are introduced by a second quenching laser beam, which is also called the depletion 

area (Figure 1.1b). In the depletion area the fluorescent signal has a red shift and 

cannot be detected by the detector [16]. The most commonly used diffractive optical 

element is the doughnut-shape de-excitation spot [12, 17]. When applying such a 

depletion spot on a diffraction-limited Gaussian distribution spot, only the center 
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area is illuminated. The full width half maximum (FWHM) of the PSF thus shrinks in 

size and a higher lateral spatial resolution is obtained with such a PSF. The best 

spatial resolution that has been  reported in literature that can reach be reached is 

2.4 nm [18] in lateral. In 2014, three scientists, Eric Betzig, Stefan W. Hell, and 

William E. Moerner won the Chemistry Nobel Price for their great contributions to 

super-resolution microscopy.  

                         

Figure 1.1 – Working princile of photoactivated localization microscopy and 

STED microscopy (a) In STORM photoswitchable fluorophore are excited 

scholastically in low density. The imaging process is finished within several 

loops. The image (a) is adapted with permission from [3]. Copyright 2006 

Nature Methods. (b) In STED, the fluorescent sample is both excited with 

excitation laser beam and quenching laser beam, which is usually a donut 

shape. As a result the final PSF shrinks in size. The image (b) is adapted with 

permission from [19]. Reprinted with permission from AAAS.  

1.2. 3D super-resolution microscopy 

    Upgrading from 2D detection to 3D detection is the next step to further 

recover complicated structural based nano-functionalities and model the underlying 

kinetic dynamics present at relevant biological and chemical interfaces. The field of 
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3D spatial super-resolution microscopy has experienced many great advances in 

recent years. Many methods which extract the depth information of the emitter in 

3D super-resolution microscopy can be experimentally achieved by dividing photon 

flux into multiple focal planes microscopy or thorough the theoretical advancements 

in engineered PSF microscopy. In multiple plane microscopy [20, 21] at least two 

EMCCD or sCMOS cameras are placed at different image planes to allow the signal 

collection to be achieved simultaneously in real-time. The PSFs at those different 

image planes have a different intensity profiles. Based on the experimental result 

due to the nature of light to behave like a wave, the depth information is then 

encoded from the multiple intensity profiles in 3D space. The typical spatial 

resolution for biplane microscopy is 75 nm in axial direction and 30 nm in lateral 

dimensions, which allows a range of detection on the order of several microns [22].  

3D super-resolution microscopy based on the use of engineered PSFs 

extracts the depth information based on different PSF intensity profiles at different 

depth layers. The difference from the multiplane microscopy is that the fluorescent 

emitters at different depth share the same focal plane, which thus simplifies the 

experimental setup. 3D microscopy using engineered PSFs can be further 

categorized into astigmatic imaging using cylindrical lens and 3D microscopy with 

phase modulation. The astigmatic imaging is the first 3D imaging method using the 

engineered PSFs [4]. The experimental setup of 3D microscopy using cylindrical lens 

is shown in Figure 1.2a. In this technique, a cylindrical lens is installed right after the 

tube lens of a microscope, which varies the aspect ratio of the Gaussian distribution 

PSF deviates from the standard Gaussian PSFs when the emitters are deviating from 
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the focal plane. The z-direction information is then obtained by fitting the Gaussian 

PSFs of different widths in two directions. Single particle tracking in 3D can be 

achieved with this technique and the same with 3D structure imaging in high spatial 

resolution if combined with STORM or PALM technique. In first mentioned 

technique of 3D super-resolution using astigmatic imaging, the emitters’ axial depth 

information is encoded within 800nm range. Besides altering the PSF profiles in 3D 

space with a cylindrical lens, the PSFs can also be modified by a 4f system [23] after 

the image plane (Figure 1.2b). Within a 4f based imaging system the signal is 

represented in Fourier domain and the frequency component can be modified with 

a phase mask. After the 4f system the PSFs are different from the traditional 3D 

standard Gaussian PSFs, which can be controlled by the phase pattern of the phase 

mask in the 4f system. Currently reported methods in 3D engineered PSFs with 

phase modulation include the double helix (DH) PSFs [24] (Figure 1.2b), corkscrew 

PSFs [25], tetrapod PSFs [26] and many other engineered PSF methods. The 

fundamental basis for various PSF based methods  for encoding  the depth of 

emitters are different: DH PSFs and corkscrew PSFs rotate as the emitters move in 

depth while the tetrapod PSFs stretch in shape for emitters at different depth layers. 

The depth information is then either labelled by the orientation or the respective 

shape of PSFs. The advantage of engineered 3D PSFs based microscopy is the larger 

detection ranges in 3 dimensions as well as achieving higher localization precision 

[27].  
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Figure 1.2 – Expmental setup of astigmatic imaging 3D microscopy and DH PSF 

3D microscopy. (a) The experimental setup of astigmatic imaging microscopy 

with a cylindrical lens. The image is adapted with permission from [4], 

Reprinted with permission from AAAS. (b) Experimental setup of 3D 

microscopy with phase modulation.     

 

1.3. Temporal resolution limitation 

Although the super-resolution microscopy is well developed, the temporal 

resolution remains low compared to the timescale of many scientifically relevant 

processes. The temporal resolution is mainly limited by the frame rate of the 

detector. Fast, dynamic processes occurring faster than the frame rate are 

integrated into the same exposure time window and thus appear to identical in time. 

The temporal resolution thus limits the application of super-resolution microscopy 

to processes occurring within the detector frame time [28, 29]. 
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The hardware is updated and applied to capture fast events, including 

advanced scientific Complementary Metal-Oxide Semiconductor (sCMOS) image 

sensors chips [30] and streak cameras [31]. The sCMOS camera is reported to have 

faster frame rate and high signal to noise (SNR) compared to Electron Multiplying 

Charge Coupled Device (EMCCD) image chip [30]. In the streak camera a scanning 

voltage is applied so that the image at different time is imaged at different position 

on the camera chips, pushing the frame rate to trillion frames per second[32]. But 

these are either limited in temporal improvements or prohibitively expensive. New 

algorithms in data compression and reconstruction, such as compressive sensing 

[33-38] have also been proposed to improve both spatial and temporal resolution in 

photography. In video compressive sensing technique, information of high temporal 

resolution is encoded by the spatial light modulator (SLM) and compressed into 

camera frames of low temporal resolution. The raw image captured via a camera of 

low frame rate is embedded with high temporal information. The high temporal 

resolution information can be extracted by solving a L1 norm constrained 

optimization problem. However, in many of the current video compressive sensing 

techniques, the usage of a SLM (such as digital micro-mirror device [31, 39-41]) to 

encode the signal amplitude decreases the number of photons reaching the detector, 

which sacrifices spatial resolution [42-44]. 

1.4. Scope of this thesis 

In this thesis, I firstly introduced the DH PSF 3D microscope that is built in 

our lab and the application to study the adsorption properties of polymer film. To 
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improve the temporal resolution, I develop Super Temporal-Resolved Microscopy, 

STReM, to improve the temporal resolution by as much as 20 times faster than the 

camera frame rate. STReM is achieved by employing a rotating double helix phase 

mask (DHPM). Traditionally, a static DHPM [24] is used to achieve super-resolution 

in 3D spatial domain [45-49] wherein depth information of each emitter is encoded 

in the rotation angle of the resulting double helix (DH) point spread function. In the 

current application, the DHPM is rotated with a controllable angular frequency, and 

the resulting DH PSF angle instead encodes the temporal information. Information 

about fast 2D dynamics are compressed into each camera frame of low temporal 

resolution and then reconstructed from the compressed images using the 

Alternating Direction Method of Multipliers (ADMM) algorithm [35, 50, 51]. Instead 

of encoding the signal amplitude with SLM in traditional video compressive sensing 

technique, I encoded the phase of resulting signal in Fourier domain to avoid the 

potential photon loss. Only around 10% of photons are lost during the data 

encoding as a result of the transparency of the DHPM [52], allowing both high time 

resolution and high 2D spatial resolution.   
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Chapter 2 

3D double helix point spread function 

microscopy 

2.1. 3D microscopy with phase modulation 

The modification of a fluorescent emitter’s phase information provides additional 

choices by which one can encode and decode the fluorescent signals relative to 

spatial position of emitter. When excited in epi-fluorescent mode (Figure 2.1), 

emitters in a large excitation volume are excited and the signal contains spatial 

information in 3D. The detection of emitters in the z-direction is achieved by 

figuring out the differences of the corresponding PSFs at different depth profiles. 

The axial information of the emitters can hardly be extracted in the 1st image plane 

in Figure 2.1, which is the traditional method to collect signal in 2D super-resolution 

microscope. The reason is that the differences among standard Gaussian PSF at 

different depth layer cannot be measured with high precision. The differences of 



 10 
 

PSFs of emitters exist not only in the amplitude, but also in the phase of the PSF. 

Even though the only physical parameter that can be directly measured is the power 

distribution (amplitude square), the power distribution of the signal is also 

dependent on the phase information when multiple light signals have interfered  

                         

Figure 2.1 – Experimental setup of 4f imaging. (a) The experimental setup of 

super-resolution microscopy with 4f imaging system. The sample is excited in 

TIRF mode with a 532 nm laser. A phase mask is installed on a rotary mount in 

the 4f system to modulate the phase in the Fourier domain. The sample is 

finally imaged at the 2nd image plane.  

Besides the spatial domain, the 4f imaging system provides important 

information that is modulated in phase domain in regards to phase. The 4f system 

consists of two lens of the same focal length (in most of the case). The name of 4f 

imaging system originates from the distance of the lens in the detection path: the 

distance from the intermediate image plane to the 1st lens and the distance from the 
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final image plane to the 2nd lens equal to the focal length; the distance between two 

lenses is double of the focal length. In optics, the light signal after a lens can be 

calculated by making a Fourier or inverse Fourier transform of the initial signal, and 

the signal is then transferred between the spatial domain and Fourier domain. The 

middle point between two lenses is defined as the Fourier plane. Prior to 

perturbation no phase modulation is added in the Fourier domain, the whole 

imaging system still exhibit standard Gaussian PSF response that the corresponding 

PSF for emitters at different depths will cause the PSF to expand or shrinks in size. 

Installing a phase mask (PM) in the Fourier domain, the microscope response can be 

totally changed. The PM has a specific phase pattern and provides a non-uniform 

phase delay at different frequency components. In 2009 Piestun in University of 

Colorado Boulder designed the first PM, DHPM. After transmitting the fluorescent 

signal into Fourier domain by the first 4f lens, the DHPM encodes the signal 

particular in phase so that the PSF of emitters at different depth layer will have 

brand new response. The above DH PSFs displays two lobes that are Gaussian 

distributions. These two lobes will rotate around each other when the emitter 

moves along z-direction (Figure 2.1). The depth information of emitters in a large 

sampling volume have been analyzed using this method and has achieved high 

spatial resolution of ~20nm in lateral dimensions and ~30 nm in axis direction [27].  
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2.2. Experimental calibration of 3D DH PSF microscope 

To obtain the relationship between the angle of DH PSF and the depth of 

emitters, we experimentally calibrate the depth-orientation curve of DH PSFs. The 

excitation laser used in the presented results is a 532 nm green laser (Coherent, 

Compass 315M- 100SL) and sampled of 100nm fluorescent beads (orange 

fluorescent, max abs/em: 540/560 nm, Invitrogen) fixed on a glass coverslip were 

used to produce all proof of concept experimental results.  The objective moves in z-

direction that is controlled by a piezo stage. The shift of the objective is equivalent 

to the emitter movement in z-direction. The two lobes of the DH PSF are fit and the 

orientation of the PSF is plotted in Figure 2.1b. By fitting the depth- orientation 

curve with a linear model, the depth-orientation dependence is determined to be 

31.3 degrees/µm.  
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Figure 2.2 – Orientation-depth dependence of DH PSF 3D microscope. The 

calibration curve of PSF depth-orientation dependence. The fitting curve is 

obtained by least mean square fitting and the slope is -31.3 degrees/µm. 

2.3. Molecule adsorption experiments on porous polystyrene 

film 

The 3D DH PSF microscope is applied to study the adsorption\desorption 

property on substrate, such as polystyrene film. The porous film is fabricated by Dr. 

Hao Shen in Landes research group, Rice University. The surface profile is obtained 

via bright filed illumination, as show in Figure 2. 3.  The probing fluorescent 

emitters are 40 nm fluorescent beads (orange fluorescent, max abs/em: 540/560 

nm, Invitrogen) and are dropcast on the substrate. The sample is excited with 532 

nm laser beam and the signal is collected by sCMOS camera with exposure time to 

be 50 ms. The fluorescent beads are localized by fitting the DH PSFs and both 2D 

lateral and depth information is then measured. Each of the colored dots is an 

adsorption event that marks out the localization of one adsorption site. The image in 

Figure 2.3 contains adsorption events occurring within 5000 frames and the surface 

property can be inferred by the depth distribution of adsorbed emitters. The 

heterogeneous distribution of adsorption sites implies different ability of adsorption 

with and without polystyrene film coverage.  
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Figure 2.3 – Fluorescent beads adsorption on porous polystyrene film. The 

substrate image is obained via bright filed imaging. The colored dots denote 

the localization of adosption events in three dimensions. Scale bar = 10 µm.   
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Chapter 3 

Application of compressive sensing to 

super-resolution microscopy 

 

3.1. Application of Compressive Sensing to super-resolution 

microscopy analysis 

Compressive sensing (CS) is a signal processing technique that stores and recovers 

high resolution signals from signals of lower resolution than that of the original 

signals. In CS, we deal with sparse signals of which most elements are zero or 

relatively small compared to non-zero elements. Only a small number of key 

coefficients (the non-zero elements) are able to characterize the signal. By 

representing the original data with small portion of key coefficients, the data 

decrease dramatically in size when applied the CS techniques. When recovering 
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signals with CS, the goal is to determine those key coefficients from the measured 

image. The non-sparse signal can also have sparse representation after applying a 

transformation such as a Fourier or wavelet transform.  

𝑦 =  𝐴𝑥 

Equation 3.1 – Problem of compressive sensing 

In super-resolution microscopy the CS problem is expressed as equation 3.1, 

in which 𝑦 denotes the vectorised encoded raw images collected in an experiment; 

the measurement matrix 𝐴 records the corresponding raw images in which all the 

possible molecule positions may exist; and 𝑥 denotes the vectorised real image to be 

recovered with high resolution. The super-resolution signal 𝑥 is already sparse in 

the spatial domain so that CS can be directly applied to improve the spatial 

resolution [37]. To localize the molecule positions with high spatial resolution, 

which is equivalent to recovering 𝑥, CS reconstructs the signal by solving the 𝑙1 

norm constrained minimization problem shown in equation 3.2.  

min  ∑|𝑐𝑖𝑥𝑖|

𝑖

, 𝑠. 𝑡. ∑ |(𝐴 ∗ 𝑥)𝑖 − 𝑏𝑖|
2

𝑖

< 𝐷 𝑎𝑛𝑑 𝑥 ≥ 0 

Equation 3.2 – Modified version of compressive sensing 

In equation 3.2 𝑥𝑖  and (𝐴 ∗ 𝑥)𝑖 denote the 𝑖𝑡ℎ element in vector 𝑥 and 𝐴 ∗ 𝑥; 

𝑏𝑖 denotes 𝑖𝑡ℎ element in measurement 𝑏; 𝐷 is a threshold related to the noise level; 
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𝑐𝑖 is the weight coefficients. By applying the 𝑙1 norm constrained minimization the 

recovery rate is high and over-fitting problems are avoided.  

3.2. Alternating Direction Methods of Multiplier (ADMM) 

algorithm  

The ADMM algorithm [50] is designed to solve convex optimization 

problems, such as 𝑙1 constrained optimization. It converges at fast speed by 

decomposing the original problem into several segmented optimization problems. 

The localization problem in super-resolution microscopy can be solved by the 

ADMM algorithm with a high recovery rate and low over-fitting rate. The raw image 

is represented as the convolution between the PSF and the emitter position:   

𝑦 = 𝐴 ∗ 𝑥 = 𝑖𝐹{𝐹(𝐴) ∘ 𝐹(𝑥)} 

Equation 3.3 – Problem in emitter localizaiton 

where y and x are the raw image in low resolution and the emitter position to be 

recovered in high resolution respectively. ′ ∗ ′ denotes the convolution operation. 𝐴 

is a 2D or 3D matrix that contains PSFs in 2D or 3D space. 𝐹(∙) denotes the Fourier 

transform of the signal and 𝑖𝐹(∙) denotes the inverse Fourier transform of the signal; 

and ∘ denotes the Hadamard product in matrices operations. In STReM 𝐴 contains 

PSFs detected at different times and the PSFs are generated by simulating the phase 
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mask at different angles. Twenty one DH PSFs of different orientations build up the 

measurement matrix in all the simulations in this thesis.  

To localize the emitter in high precision, 𝑥 is reconstructed by the 

‘deconvolution’ of 𝑦 with A through the 𝑙1 norm minimization problem in equation 

3.4.  

min  ||𝑐𝑖𝑥𝑖||1 , 𝑠. 𝑡. ||(𝐴 ∗ 𝑥)𝑐 − 𝑦||2
2 < 𝐷 𝑎𝑛𝑑 𝑥 ≥ 0 

Equation 3.4 – Modified version of emitter localization 

in which (∙)𝑐 corresponds to the central layer among the 3D resulting frames and 𝐷 

is a threshold on the error. Directly solving the problem in equation 2.4 is slow and 

requires significant computational resources. The ADMM algorithm simplifies the 

problem by decomposing the optimization problem and the final optimization 

problem is expressed in equation 3.5:  

𝑚𝑖𝑛.  
1

2
‖𝑦 − 𝑢0‖2

2 + 𝜆‖𝑢1‖1 +
𝜇

2
‖𝑢0 − 𝐴 ∗ 𝑥 − 𝜂0‖2

2 +
𝜈

2
‖𝑢1 − 𝑥 − 𝜂1‖2

2 

Equation 3.5 – Solving emitter localization problem with ADMM 

where 𝜆, µ and 𝑣 are relaxation parameters and we take λ = 0.005, µ = 1, 𝑎𝑛𝑑 ν =

20; 𝜂0, 𝜂1, 𝑢0 and 𝑢1represent the simplified optimization problem of solving 𝑥 from 

equation 3.4. Additional details can be found in Reference [50].  
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Chapter 4 

Super Temporal-Resolved Microscopy 

4.1. Instrumentation 

Besides depth information of fluorescent emitters, the DHPM is also applied to 

encode temporal information and increase resolution. When the fluorescent 

emitters are excited via Total Internal Reflection Fluorescence (TIRF) mode, the 

light transmitting in z-direction becomes evanescent wave and drops exponentially 

in intensity as the depth of exciting region increases. Therefore only a shallow layer 

of 80 nm regions above the interface is excited and the depth information is 

basically excluded. Since the DHPM is designed to encode the depth with the 

different orientation of the PSFs, the PSFs of all emitters that stay in the same depth 

should orientate identically, such as in TIRF mode. In this situation the phase mask 

installed in the Fourier domain does not provide with any additional information of 

the fluorescent emitters. However it is found that the DH PSFs rotate 
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correspondingly with the PM as the PM itself rotates. The DHPM is rotated half a 

loop during one sCMOS camera exposure time. As a result the DH PSFs have 

different orientation, ranging from 0 to 180 degrees, at different time within one 

camera exposure time. Since the orientation of each DH PSF is unique, the time 

information is monotonically labelled with the DH PSF orientation within one 

camera exposure time. By fitting the orientation of the DH PSF, temporal 

information can be extracted with increased resolution beyond intrinsic camera 

exposure time limitations. 

                         

Figure 4.1 – Experimental setup of STReM. Experimental setup of STReM. The 

sample is excited in TIRF mode with a 532 nm laser. A phase mask is installed 

on a rotary mount in the 4f system to modulate the phase in the Fourier 

domain. The sample is finally imaged at the 2nd image plane.  

The experimental setup is shown in Figure 4.1. Fluorescent emitters were 

excited by a 532 nm laser (Coherent, Compass 315M- 100SL) and the fluorescent 

signals were collected through a 1.45 NA, 100×, oil-immersion objective (Carl- Zeiss, 
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alpha Plan- Fluar) and a scientific CMOS camera (Hamamatsu, ORCA- Flash 4.0). We 

used 2 by 2 binning of the sCMOS pixels when collecting the data. To avoid PSF 

rotation caused by the depth difference of emitters, we excited the fluorescent 

sample with total internal reflectance fluorescence (TIRF) with 1/e penetration 

depth of ~ 85 nm. Fluorescent emitters were first imaged at the intermediate image 

plane and then transferred into the Fourier domain by a 75mm lens in a 4f 

configuration. The signal was then encoded in the Fourier domain with a phase 

mask (Double Helix Optics, Double Helix PSF phase mask) with which the PSFs were 

converted to DH PSFs. The two lobes of DH PSF are very close in shape and the 

centers of the two lobes correspond to the lateral position of the emitter. The phase 

mask was mounted on a motorized rotary mount (QIOPTIQ, Rotary Mount with 

Servo Motor), with the rotating speed controlled by an input DC voltage and 

monitored by a light reflective barrier (QIOPTIQ, Photo Sensor for Rotary Mount). 

The output signal was collected by an oscilloscope to measure the rotation speed. 

The encoded signal was finally projected by a second 4f lens on the camera.  The 

highest frame rate of the sCMOS camera with full pixels (2048 by 2048) is 100 fps.   

4.2. Application I: fast emitter adsorption/desorption 

By physically rotating the DHPM, it is possible to temporally resolve 

processes occurring faster than the camera frame rate, such as 

adsorption/desorption of fluorescent emitters (Figure 4.2). Fluorescent emitters 

have a Gaussian PSF without a DHPM, which becomes a DH PSF (Figure 4.2b) when 
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a static DHPM is installed in the 4f system (Figure 4.1). For emitters that stay at the 

same depth, the orientation between the two lobes of the DH PSF will not change 

with a static DHPM. Meanwhile the two lobes of the PSF rotate synchronously if the 

DHPM is rotated (Figure 4.2c). Simulated data (Figure 4.2d-e) demonstrate that 

rotating the DHPM can resolve adsorption/desorption dynamics occurring faster 

than the camera frame rate. With a static DHPM, all PSFs have the same angle 

because the static DHPM encodes depth information and all processes occur at the 

same plane (Figure 4.2d). All surface dynamics faster than the camera frame rate are 

not resolvable. With a rotating DHPM, the PSF is still shaped as a double helix 

because only a transient moment was recorded, but the orientation of each PSF is 

now related to the time it appears (Figure 4.2e). The 2D image thus provides 

information with both high 2D spatial and temporal resolution by fitting the DH 

PSFs with lateral positions and orientations. Our simulations and analysis 

demonstrate that, without sacrificing 2D spatial resolution, the temporal resolution 

can be improved by as much as 20 times faster of the camera frame rate (Chapter 5).  
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Figure 4.2 – STReM is demonstrated for fast adsorption/desorption by 

rotating a DHPM. (a) Simulated imaging of fast adsorption/desorption process 

of fluorescent emitters. (b) A DH PSF results when a static DHPM is inserted in 

the focal plane, and the camera is placed at the 2nd image plane. (c) The 

resulting PSF orientation changes when the DHPM is rotated 30 degrees 

counterclockwise. (d, e) Simulated frames of the same adsorption/desorption 

process in (a) imaged with a static DHPM and with a rotating DHPM, 

respectively. The image pixel size is 172 nm; the camera exposure time is 100 

ms; the dwell time of all emitter ranges from 0.5 ms to 1 ms. The DHPM is 

rotated at 300 rpm in (e). The crosses denote the lateral positions of the 

emitters and the color denotes arrival time. (f, g) Experimental frames of 

orange bead adsorption/desorption on glass that are collected with a static 

DHPM and rotating DHPM respectively. Laser power is 0.52 KW/cm2. The 

camera exposure time is 5 ms in (f) and 100 ms in (g), with DHPM rotation at 

300 rpm. The crosses denote the 2D position of each emitter and the color 

relates to the time. Scale bar = 1 µm.  

STReM is demonstrated for experimental adsorption/desorption of 

fluorescent beads at a glass coverslip/aqueous solution interface (Figure 4.2f-g). 

Fluorescent beads (100 nm diameter, orange fluorescent, Invitrogen) were 

illuminated in total internal reflection fluorescence (TIRF) mode so that axial 

transport of the emitters was excluded from the shallow evanescent field. The raw 
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image in Figure 4.2f was collected with a static DHPM, so the PSFs were basically 

oriented in the same direction, which is consistent with the simulation in Figure 

4.2d. The temporal information is encoded in Figure 4.2g by rotating the DHPM. The 

PSFs in Figure 4.2g are still double helix but differ in orientation, which encodes the 

events at different arrival times during the frame collection. Finally we were able to 

resolve fast bead adsorption/desorption with a temporal resolution of ~5 ms 

(Chapter 5) using the camera of 100 ms exposure time, which is equivalent to an 

improvement of ~20 times in temporal resolution.  

4.3. Application II: surface dwell time of fluorescent emitters 

STReM can also be used to extract surface residence times even when the 

adsorption rate constants are long with respect to the rotational frequency of the 

DHPM (Figure 4.3a), as can occur with protein adsorption to a glass coverslip. The 

data shown in Figure 1 occur when both adsorption and desorption occur fast in 

comparison to the rotational frequency of the DHPM. When slower desorption is 

imaged with STReM, the resulting PSFs are arc-shaped, with the arc-length related 

to surface residence time. Figure 4.3b shows one frame of α-lactalbumin adsorption 

on glass coverslip with the 100 ms camera exposure time. The surface residence 

time within this frame is regarded to be 100 ms, because it is restricted by the 

camera exposure time. In Figure 4.3c the adsorption and desorption of α-

lactalbumin proteins were imaged with STReM. The PSF with two arcs are fit [53] 
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and the length of arcs shows that the surface residence time in the frame is 55 ± 10 

ms, a higher resolution than the camera exposure time.  

The adsorption kinetics of α-lactalbumin on a glass slide were compared without 

and STReM (Figure 4.3 d, e). The ability to quantify a broad range of adsorption and 

desorption rate constants is important to multiple applications [11, 54-57]. For 

example, reversible adsorption/desorption of proteins at interfaces is crucial to 

protein separations [58, 59].  Recent work by our group and others has shown the 

promise of applying single molecule methods to link mechanistic detail about 

protein adsorptions to macroscale separations [11, 60-63]. However, the Schwartz 

group has pointed out that one barrier to broad application of this link is the 

inability to measure adsorption dynamics faster than traditional camera frame 

times [64]. In our experiments, Alexa 546 labeled α-lactalbumin was diluted to the 

nano-molar regime in water was placed on a plasma cleaned glass slide. The 

adsorption dynamics were first collected using published 2D event analysis 

algorithms [65]. As shown in Figure 4.3d, the surface residence time distribution 

follows a single exponential decay, with decay time constant 𝜏 = 0.2 ± 0.1 s. Such a 

decay supports that desorption of α-lactalbumin follows first order kinetics. 

However, upon the application of STReM (Figure 4.3e), the higher temporal 

resolution reveals more complex dynamics that exhibit a rise-and-then-decay 

behavior. Such dynamics suggest a more complex mechanism than can be described 

by first order or pseudo-first order kinetics, a finding well worthy of further in-

depth analysis. Although such a mechanistic examination is beyond the scope of this 
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communication, our preliminary findings clearly demonstrate that STReM makes it 

possible to mine a range of interfacial processes for new details.   

 

 

 

                         

Figure 4.3 –Imaging Alex 546 labeled α-lactalbumin (Supplementary 

Information) adsorption on SiO2 surface. (a) Cartoon of α-lactalbumin 

adsorption on a glass coverslip. (b) Single frame image image of an adsorbed 

α-lactalbumin molecule with 100 ms exposure time with standard collection 

geometry. (c) Single frame STReM image of an adsorbed α-lactalbumin 
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molecule with rotating DHPM. The camera exposure time was 100 ms and the 

rotational frequency of the DHPM was 300 rpm. The red cross marks out the 

central position of the 2D Gaussian fit for this molecule. Extracted surface 

residence time in (c) is 55 ± 10 𝑚𝑠 (Supplementary Information). Scale bar = 1 

µm. (d, e) Surface residence time distribution of α-lactalbumin on glass 

without (d) and with STReM. (e) The red curve in (d) is fit to a single 

exponential and the average surface residence time is 0.2 ± 0.1 s. The red 

curve in (e) is fit with a single exponential rise and a single exponential decay. 

The fitted rise time constant is 0.04 ± 0.01 s while the decay time constant 

is 0.28 ± 0.01 s.  

4.4. Application III: 2D transport 

Motion-blurred trajectories can be resolved with both high spatial and 

temporal resolution (Figure 4.5) by STReM in combination with a compressive 

signal processing algorithm, ADMM. A motion-blurred trajectory is generated if a 

fluorescent emitter is moving in the plane within the camera exposure time (Figure 

4.4a). Analysis of such data requires more complicated analysis than described in 

Figure 4.2 or Figure 4.3 because the PSFs overlap within each frame. Figure 4.4b, d, 

and f are simulated frames of a mobile fluorescent emitter moving along a cosine 

wave trajectory. In Figure 4.4b, the motion-blurred image is overlain with the 

ground truth trajectory labelled by the colored crosses. By using a static DHPM and 

applying ADMM analysis, one of several advanced localization methods [35, 37, 66], 

2D super-resolution localization is possible, but without temporal information 

(Figure 4.4d). When the DHMP is rotated, and STReM is coupled with ADMM 

analysis (Figure 4.4f), simultaneous spatial and temporal super-resolution is 

achieved (Figure 4.4f). By running 1000 Monte Carlo simulations of different 2D fast 
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transport the temporal resolution is demonstrated to be improved around 20 times 

of the camera frame rate without compromising the spatial resolution of emitter 

localization (Chapter 5).   

                         

Figure 4.4 – Resolving fast 2D transport with both high spatial and temporal 

resolution by rotating the DHPM and applying ADMM compressive image 

processing. (a) Simulation of 2D transport (along a cosine wave) of fluorescent 

emitters in TIRF mode. (b), (d), and (f) Simulated frames of the same 2D 

transport in (a) without a DHPM, with a static DHPM and with a rotating 

DHPM, respectively. The ground truth time-resolved trajectory is also plotted 

in (b); the crosses in (d) and (f) denote the recovered lateral positions and the 

color denotes recovered arrival time. (c), (e), and (g) Experimental frames 

without a DHPM, with a static PM and a rotating DHPM, respectively. The 

sample motions in all three cases are lateral translations of a fluorescent bead 

on a glass cover slip, with variable translation direction and speed.  The 

crosses in (c) and (e) are the super-resolved spatial 2D positions while the 

colored crosses in (g) include 2D positions of both high spatial and temporal 

resolution. The camera exposure time in (c), (e), and (g) is 100 ms. (h) Raw 

image of stationary fluorescent beads with rotating DHPM. (i) Summation of 

20 sCMOS frames of translating fluorescent beads (Supplementary Fig. 6) 

taken with 5 ms camera exposure time. The colored crosses of the positions of 

emitters are obtained by fitting isolated DH PSFs in the 20 sub-frames and are 

regarded as the ground truth. The recovered trajectory in (j) is obtained from 

performing STReM analysis on the single summed frame. Scale bar = 1 µm.  
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STReM with ADMM was applied to various experimental motion-blurred 

trajectories (Figure 4.4c, e, g). Experimental trajectories were generated by laterally 

moving a fluorescent bead sample using the translation stage. In Figure 4.4c, e, 

ADMM can be used to extract 2D localization either with a standard Gaussian PSF or 

with the DH PSF without phase mask rotation. In both cases, dynamic information is 

lacking. The time-encoded information is extracted in Figure 4.4g by applying 

ADMM to raw images acquired from a rotating DHPM. The temporal resolution was 

~5 ms determined by the fitting error and the intrinsic error (Chapter 5). The 

simplest motion-blurred raw image is a uniform ring-shaped PSF (Figure 4.4h), 

which implies that the emitter remains immobilized during that camera exposure 

window. The temporal resolution can be further improved by rotating the DHPM 

faster, as long as the SNR is high enough and the camera exposure time matches half 

of the rotation period. The temporal resolution is also determined by the speed of 

the fluorescent emitters: fast moving emitter is harder to be captured by STReM 

(Chapter 5).  
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Figure 4.5 – Experimental frames of immobilized fluorescent bead (100 nm) 

collected with 5ms camera exposure duration. The bead sample moves 

laterally with the translation stage. Fluorescent beads are excited in TIRF 

mode. The rotation speed of the rotary mount was 300 rpm. The crosses 

denote the spatial resolution while the color denotes the time. Scale bar = 

1µm.  

The method to resolve motion-blurred trajectories by rotating the PM was 

verified by comparing to the results from a camera with a fast frame rate. The raw 

images in Figure 4.4i-j are the same motion-blurred trajectory in which the 

temporal information is encoded by the rotating DHPM. The trajectory is the 

summation of 20 sub-frames (Figure 4.5) with fast frame rate (200 fps). The short 

exposure time (5 ms) allow the precise fitting of isolated DH PSFs so that the results 
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can be regarded as the ‘ground truth’ with both high spatial and temporal 

resolution, indicated by the colored crosses in Figure 4.4i. Because the summation of 

the 20 sub-frames is equivalent to a frame captured with 100 ms exposure time, the 

emitter positions at different time could also be resolved using the ADMM 

algorithm, as shown in Figure 4.4j. The recovered colored crosses denote the 

emitter position in 2D space and time, but are obtained by performing STReM 

analysis to one summed raw image. The consistency of the results from two 

methods demonstrates the effectiveness of STReM.  

4.5. ADMM algorithm recovery based on 𝒍𝟏 norm and 𝒍𝟐 

constrained objective function 

The 𝑙1 norm constrained objective function guarantees the precision of 

recovery result for fast 2D transport trajectory. The 𝑙1 constrained item is 

represented in equation 3.5, ‖𝑢1‖1. The same problem can also be solved with a  𝑙2 

constrained optimization problem by just replacing the 𝑙1 constrained item with a 𝑙2 

constrained item, ‖𝑢1‖2
2 in equation 4.1  

𝑚𝑖𝑛.  
1

2
‖𝑦 − 𝑢0‖2

2 + 𝜆‖𝑢1‖2
2 +

𝜇

2
‖𝑢0 − 𝐴 ∗ 𝑥 − 𝜂0‖2

2 +
𝜈

2
‖𝑢1 − 𝑥 − 𝜂1‖2

2 

Equation 4.1 – 𝒍𝟐 𝒏𝒐𝒓𝒎 𝒄𝒐𝒏𝒔𝒕𝒓𝒂𝒊𝒏𝒆𝒅 𝒐𝒑𝒕𝒊𝒎𝒊𝒛𝒂𝒕𝒊𝒐𝒏 

By solving the 𝑙2 constrained optimization problem, the trajectory can also be 

recovered but with redundant localization points. Figure 4.6 shows the recovery 
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results of trajectory in Figure 4.4f with 𝑙1 (Figure 4.6a and c) and 𝑙2 (Figure 4.6b and 

d) constrains respectively, but both with ADMM algorithm. Compared with the 

result in Figure 4.6b, the  𝑙1 norm constrained optimization results in Figure 4.6a are 

sparse and closer to the ground truth, which demonstrates the necessity of applying 

the 𝑙1 norm constrains.  

                         

Figure 4.6 – Simulated recovery results of 2D motion blurred trajectories in 

Figure 4.4f. (a) and (c) are the recovery results of 2D motion blurred 

trajectories with 𝒍𝟏 norm constrained optimization. (b) and (d) are the 

recovery results of 2D motion blurred trajectories with 𝒍𝟐  norm constrained 

optimization. The results of 𝒍𝟐  norm optimization are not sparse, as we 

assumed. Scale bar = 1µm.  
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Chapter 5 

Error Analysis 

5.1. Temporal resolution of STReM 

The temporal resolution of STReM is defined as the uncertainty of the DH PSF 

orientation, which is composed of the fitting error and the systemic error of the PSF 

orientations.   

𝑡𝑏 = 𝑇 × √𝑒𝑟𝑟𝑓𝑖𝑡
2 + 𝑒𝑟𝑟𝑖𝑛

2  

Equation 5.1 – Temporal resolution definition 

𝑒𝑟𝑟𝑓𝑖𝑡 =
𝑒𝑟𝑟𝑜𝑟

180
 

Equation 5.2 – Fitting error definition 
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in which 𝑡𝑏 denotes the temporal resolution; 𝑇 denotes the camera exposure time; 

𝑒𝑟𝑟𝑓𝑖𝑡 denotes the intrinsic error term; 𝑒𝑟𝑟𝑓𝑖𝑡 denotes the fitting error in time; and 

𝑒𝑟𝑟𝑜𝑟 denotes the systemic error in DH PSFs orientation by single PSF fitting or 

ADMM algorithm.  

The fitting error in time was obtained from Monte Carlo Simulations for fast 

adsorption/desorption based experiments with continuous 2D transport of 

fluorescent emitters (Figure 5.1). In the simulation of fast dynamics the emitters are 

randomly adsorbed and desorbed on the surface for different dwell times and a SNR 

set to 10. The arrival time of each emitter was recovered by fitting the orientation of 

DH PSF. The fitting error of fast dynamics is ~2 ms (Figure 5.1a) out of 100 ms 

camera exposure time. In the simulation of fast 2D transport the emitter moved in a 

line with different speed. Both the spatial and temporal information are recovered 

with the ADMM recovery algorithm. The fitting error is ~2 ms in time and 65 nm in 

2D spatial dimensions (Figure 5.1b, c).  
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Figure 5.1 – The fitting error of fast adsorption/desorption experiments and 

motion-blurred trajectories with ADMM algorithm from 1000 Monte Carlo 

simulations. The standard deviation of the error distribution in time for (a) 

single DH PSF fitting and (b) arc-shaped PSF fitting and (c) motion blurred 

trajectory with ADMM are ~2.0 ms, ~8.8 ms and ~2.3 ms respectively.  

The laser intensity distribution in total internal reflection fluorescence 

excitation mode follows an exponential decay, resulting in the fact that depth 

information cannot be totally excluded. The width of the depth distribution with 

static DHPM then serves as the systemic intrinsic error term of this method. To 

measure the systemic intrinsic error, we recorded 1000, 512×512 (2 by 2 binning) 

sCMOS frames of fluorescent beads in TIRF excitation mode with a static phase 

mask. The sample comprised of 100 nm beads (orange fluorescent, max abs/em: 

540/ 560 nm, Invitrogen) diluted by a factor of 1:1000 from received stock 

concentration in HEPES buffer (GIBCO, 10 mM, PH = 7.3).  The laser intensity was 

set to 0.52 KW/cm2. Figure 4.2f shows one raw experimental frame with a fixed 

phase mask in TIRF excitation mode. The PSFs orientation slightly varies as a result 

of the depth variation of the emitters. The orientation of the PSFs is obtained by 

fitting the two lobes and then collecting the centers of two lobes. Figure 5.2a plots 

the cumulative distribution function (CDF) of the PSF orientations from 1000 

experimental frames (in blue) and the fit curve (in red) using an exponential decay 

model. Figure 5.2b plots the probability distribution function of the PSF orientations 

and fit curve based on the fit result of CDF. The standard deviation of the orientation 
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distribution from the experimental results is ~8 degrees out of 180 degrees, 

corresponding to the error in time to be ~5% of the camera exposure time.  

                         

Figure 5.2 – Systemic error analysis (a) The cumulative distribution functions 

(CDF) of DH PSF orientation from 1000 experimental frames with static phase 

mask and fitting curve with exponential decay model. The 1/e error is ~8 

degrees out of 180 degrees, corresponding to the intrinsic error of STReM, 

~5% of the camera exposure time. (b) The probability density function (PDF) 

of the same events in (a). The red curve fits the PSF orientation distribution 

with an exponential decay model.  

When the camera exposure time is 100 ms, the temporal resolution was 

calculated to be ~5 ms for fast adsorption/desorption dynamics and ~5 ms for fast 

2D transport dynamics, which is improved 20 times compared to the native camera 

temporal resolution, 100 ms.   
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5.2. Temporal resolution limitation for 2D transport with 

STReM 

Temporal resolution is improved by increasing camera frame rates as long as 

the frame rate can match the rotation speed of the rotary mount. From equation 5.1, 

the camera exposure time has a direct effect on the temporal resolution. Generally, 

increasing the camera exposure time improves the SNR of immobilized emitter 

linearly. However, the signal of a fast moving emitter is not enhanced even when the 

camera exposure time is increased due to the unchanged photon intensity on each 

camera pixel. In fact increasing the camera exposure time decreases the SNR when 

detecting fast emitter dynamics because the background noise increases with longer 

integration time. Hence a shorter camera exposure time (T) leads to better SNR and 

a higher temporal resolution. Since the camera exposure time should match the 

rotation speed of the rotary mount, the physical rotation speed of the rotary mount 

limits the temporal resolution in STReM.  
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Figure 5.3 – Temporal resolution of STReM for emitters of different movement 

speed, different SNR, and different rotation speed of DHPM calculated by 

Monte Carlo simulations. (a) The temporal resolution of STReM for emitters of 

different movement speed. The camera exposure time was 100 ms. (b) The 

temporal resolution of STReM for different rotation speed of DHPM. The 

camera exposure time was 100 ms and the rotation speed was normalized by 

300 rpm.  

Emitters with slower movement speed can be resolved with higher temporal 

resolution. Each single camera pixel captures fewer photons when the fluorescent 

emitter moves faster, which decreases the SNR quadratically. Supplementary Figure 

5.3a plots the temporal resolution of STReM when capturing 2D emitter transport 

with different movement speeds from simulations. In the simulation each emitter is 

assumed to emit 3,000 photons per millisecond and a Poisson distribution of noise, 

with a variance of 1500 photons, is added to each frame. The fitting error is 

combined with the systemic intrinsic error to calculate the temporal resolution. The 

results show that faster emitters are hard to capture and the temporal resolution 

decreases, which is consistent with traditional microscopy.  

STReM however works when the rotary mount rotates less than 180 degrees 

within one camera exposure time, but the temporal resolution will be sacrificed. As 

discussed previously, the DHPM is rotated 180 degrees within each camera 

exposure time to keep the monotonic relationship between the orientation of the 

DH PSF and the corresponding labelling time. However the monotonic relationship 

exists as long as the rotation range of the DHPM is smaller than 180 degree. The 

temporal resolution decreases as the DHPM rotates slower, as shown in Figure 5.3b. 
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The decrease of temporal resolution at slow DHPM rotating speed can be explained 

by the coherence of the measurement matrix in compressive sensing. The coherence 

of the measurement matrix is a metric to test the recovery result: large coherence 

corresponds to tough requirements to recover the signal. To easily understand the 

coherence, it measures the largest similarity between PSFs at different times and is 

calculated through:  

𝑀 = 𝑚𝑎𝑥1≤𝑖≠𝑗≤𝑚|𝑎𝑖
𝐻𝑎𝑗| 

Equation 5.3 – Definition of coherence 

in which 𝑎𝑖 and 𝑎𝑗  denote columns in the matrix. Each column denotes the 

normalized, vectorised PSF. The coherence between PSFs of different orientation 

(different time) is larger when the DHPM rotates slower. A large coherence of the 

measurement matrix will lead to larger difficulties when recovering the original 

signals. Hence the temporal resolution drops with slower DHPM rotation speed.  

5.3. Compressive interpolation and Compressive Sensing 

Interpolation method [67] is widely used in image analysis and signal 

processing, and is a notation that can be easily confused with CS. In real world, the 

measurements are usually discrete and some specific point cannot be detected by all 

means. The basic idea of interpolation is to predict the value that is not detectable 

based on the available measurements. Equation 5.4 explains the interpolation. In 
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Equation 5.4 𝑓𝑘 denotes the discrete measurements, 𝑥 denotes the data point that is 

needed to be predict, 𝜑𝑖𝑛𝑡 is a function that gives the weight factor (coefficient) of 

the corresponding measurement 𝑓𝑘. According to Equation 5.4, it is clear that 

choosing a reasonable and precise weighting function is important to the quality of 

interpolation. Several weighting function has been proposed, such as Appledorn 

[68], B-spline [69], and Dodgson [70]. However, the fact is that the interpolation 

method is more or less a ‘guess’ based on available measurements.  

𝑓(𝑥) =  ∑ 𝑓𝑘 𝜑𝑖𝑛𝑡(𝑥 − 𝑘)

𝑘∈𝑍𝑞

 

Equation 5.4 – Definition of coherence 

When combined with a priori knowledge of the data, the interpolation is 

equivalent to an estimation problem, such as most likelihood estimator when trying 

to minimize the least squares error. This has been applied to solve emitter 

localization problem in super-resolution imaging. In Figure 5.4a the photon detector 

is assumed to collect photons on a chip array that contains discrete units. The 

dimension of each individual chip unit is too large to provide reliable information of 

the emitter position. In the meanwhile the background noise can lead to big errors if 

people try to define the emitter position by searching for the pixel position of 

maximum value. With the a priori information of the photon distribution, such as 

Gaussian distribution in Figure 5.4a, it is able to interpolate a point of the emitter 

center with the highest probability, as indicated by the green triangle in Figure 5.4b.  
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Figure 5.4 – Explanation of localization problem with data interpolation. (a) 

Simulated photon counts that follow a Gaussian distribution. (b) A cartoon of 

the maximum-value-point localization with data interpolation method. The 

final intepolated point is labeled by the green triangle.  

The essential difference between data interpolation and CS is that the data 

measurements are well-designed and can be completely controlled in CS, instead of 

following a statistics distribution. In the example of single pixel camera, the 

measurement of photons on the detector is a product of a known binary random 

matrix and the signal to be recovered, in which the binary matrix encodes and 

measures the signal. In the example of STReM, the measurement data consist of DH 

PSFs of different orientations, which is made rotate continuously as well designed 

beforehand. The processes of recovering the real signal in data interpolation and CS 

are similar, solving a convex optimization problem with either 𝑙1 or  𝑙2 norm 

constrains. However it should be pointed out that using 𝑙1 norm constrains to 
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recover the data is not an indicator to differentiate between data interpolation and 

CS.  

5.4. Numerical discussion of the measurement matrix 

STReM would fail to resolve the information of high temporal resolution 

when the coherence of the measurement matrix becomes 1. One example is that the 

DHPM is static but is used to encode the time information. As discussed in Chapter 4, 

a static DHPM cannot encode the time information. To explain it directly by the 

experimental data collection, PSFs at different time are identical so that different 

times correspond to the same PSF. To understand it in the way of theoretical 

calculation, the coherence of the measurement matrix is 1 when using static DHPM. 

Therefore different modifications to the signal give the same value in the 

measurement (final PSFs). Then the question left is the efficiency of the PM rotation 

to encode the time information in 21 layers. This can be answered by calculating the 

coherence of the measurement matrix.  

The coherence value of the measurement basis provides a way to indicate 

whether the signal is effectively encoded. In compressive sensing, the relationship 

between the number of measurements and size of the original signal to be 

recovered has such a relationship:  



 43 
 

𝑀 ≥ 𝐶 ∙ µ(𝛹)2 ∙ √𝑁 ∙ 𝐾 ∙ log 𝑁 

Equation 5.5 – Relationship between number of measurements and original 

signal size 

In equation 5.4 𝑀 denotes the number of measurements; 𝐶 is a positive constant 

(assume to be 1); µ(𝛹) denotes the coherence of measurement basis 𝛹; 𝑁 denotes 

the size of the original signal to be recovered; and 𝐾 denotes the sparsity (non-zero 

entries) of the signal. It is clear from equation 5.5 that smaller coherence value of 

the measurement basis leads to looser restrictions or better recovery results. Since 

random binary matrix is usually used in compressive sensing, the comparison of the 

measurement basis coherence value in Table 5.1 provides with some insights into 

the quality of the recovery using rotating DH PSFs. The coherence of the random 

binary measurement matrix remains basically the same, around 0.5 (Table 5.1), no 

matter how many time layers within one camera exposure time are split, which is 

decided by the intrinsic properties of the random binary matrix. For data encoding 

with rotating DH PSF, it is found that the coherence value of measurement matrix 

drops quickly as the measurement basis shrinks in size. This can be understood by 

the fact that the PSF overlaps less when the 3D measurement matrix contains fewer 

DH PSFs within 180 degrees. As more DH PSFs of different orientations are added in 

the measurement matrix, the encoding on time becomes less effective. However the 

signals at different times are still encoded differently (since the coherence value is 

still smaller than 1). Combined with the fact that the signal is sparse in spatial 
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domain, the data encoding and recovering in STReM can be still categorized as 

compressive sensing.  

      

Number of 
2D matrix 
contained 

in 
measurem
ent matrix 

5 10 15 20 21 

Binary 
random 
matrix 

0.519 0.515 0.519 0.521 0.515 

DH PSF 
matrix 

0.549 0.870 0.935 0.966 0.966 

Table 5.1 – Coherence between bases of different time layer 
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Chapter 6 

Conclusion and Future Work 

6.1. Conclusion 

In this thesis, I thoroughly introduced the development of super-resolution 

microscopy both in 2D and 3D. In 3D super-resolution microscopy technique the 

method utilizing the phase modulation is highlighted. Motivated by improving the 

temporal resolution of conventional super-resolution microscopy, I proposed a 

novel method STReM that harnesses traditional DH PSFs and introduces the 

rotation of a DHPM in a 4f system. High temporal resolution information is encoded 

in the orientation of the DH PSFs. Three major experiment applications are feasibly 

studied with STReM are discussed: localizing fast of adsorption/desorption 

mediated protein dynamics with high temporal resolution, extracting surface dwell 

times of said emitters, and resolving continuous 2D transport with both high spatial 

and temporal resolution. Both simulations and corresponding experiments are 

proposed to demonstrate the three applications. Finally I discussed the temporal 
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resolution that can be achieved with STReM and the limitation by SNR, emitter 

moving speed, and the rotating speed of rotary mount. The temporal resolution is 

improved around 20 fold by the implementation of STReM.  

6.2.  Future works 

STReM is powerful in resolving the details of biological and chemical 

processes otherwise blind to the camera. As a result it would be powerful to 

uncover dynamic and kinetic details of well researched systems with STReM. One 

great work in Landes research group researched the chromatographic protein 

separations on ion-exchange ligands based on agarose. The experimental result and 

analysis implied that clusters of charges are necessary to support protein 

adsorption. The conclusion is based on the measurement of surface dwell time of 

proteins. Restricted by the camera frame rate, 16 Hz, the surface dwell time 

measurement is not satisfying. Assisted with STReM, chances are that the 

mechanism can be studied with high precision.  
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