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ABSTRACT 

 

Optical Coherence Tomography(OCT)  is a non-invasive diagnostic technique capable of 

providing structural information millimeters deep in tissue. In recent years, OCT has been 

widely adopted as a clinical diagnostic tool in ophthalmology and is becoming a relevant 

tool in the field of otolaryngology. Optical Coherence Vibrometry (OCV), a specialized 

approach to OCT, has been demonstrated as a powerful tool for quantifying vibrational 

motion. OCV is based on the fundamental physical principles of Doppler OCT, meaning 

OCV is a computationally intensive technique and all measurements are dependent upon 

the Doppler angle. The goal of this  research project is to provide a novel approach to 

vibrational sensing via OCT that may be used in combination with OCV to accurately 

measure total vibrational motion independent of the Doppler angle. This thesis presents a 

new approach to measuring vibrational motion by combining speckle variance and 

Doppler OCT. Speckle present in biological tissue imaging is due to the interference of  

light  backscattered from the tissue. Generally considered a source of noise, speckle carries 

information about the tissue microstructure (or test sample). In this new approach, Speckle 

provides the measurement of the bulk vibrational motion (motion of the entire system) 

while, the magnitude of vibration taken from phase measurements  is used to characterize 

the magnitude of vibration from speckle.  
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CHAPTER 1 

INTRODUCTION 

1.1 Purpose of Study    

The main purpose of this study is to develop and characterize a novel method for the 

direct measurement of  nanometer scale 3-D vibrational motion using Optical Coherence 

Tomography(OCT). 

1.2 Statement of the Hypothesis/Research Question 

We hypothesize that combining speckle variance and Doppler phase OCT, we will be able 

to directly measure vibrational motion down to one nanometer using optical coherence 

tomography (OCT). The research question we are asking is this: Will speckle variance 

provide vibrational motion that is independent of Doppler angle?  

1.3 Significance of the Study 

The current standard for quantifying vibrational motion is laser Doppler vibrometry 

(LDV). LDV is capable of quantifying picometer scale vibrational motion from a single 

surface. In recent years, many groups have demonstrated Optical Coherence Vibrometry 

(OCV) to be a powerful tool for measuring vibrational motion in layered samples. Based 

on the concepts of low coherence interferometry and Doppler imaging, OCV may isolate 

vibrational motion on the order of tens of picometers across multiple layers of samples. 

The primary drawback to both techniques is their dependence on the Doppler angle, as 

such; the bulk motion of the entire system cannot be measured. This research proposes a 

new method for measuring vibrational motion down to a nanometer scale by combining 

speckle variance and Doppler OCT. We propose utilizing speckle variance of an OCT 
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imaging system to quantify  the bulk motion of the entire system. Due to the properties of 

speckle, we believe the measured vibrational magnitude should be independent of Doppler 

angle. The ability to isolate bulk vibrational magnitude of a sample would open new 

avenues of research in the field of vibrometry, especially in the field of hearing loss. 

1.4  Definitions  

 1.4.1 Optical Coherence Tomography 

Optical Coherence Tomography (OCT) OCT is a non-invasive diagnostic technique 

capable of providing structural information millimeters deep in tissue. OCT uses low 

coherence interferometry to produce a 2-D image of optical scattering from the internal 

tissue microstructures in a way that is analogous to ultrasonic pulse-echo imaging 

1.4.2 Speckle  

 Speckle is a source of noise in all imaging systems that utilizes a coherent light source. 

In its simplest form, speckle may be interference between wave fronts of a planar wave 

as they scatter off a rough sample. While speckle is generally considered to be a source 

of noise in biological tissues, it also carries information about sample motion, 

microstructure, and surface roughness. 

1.5 Delimitations, Limitations, and Assumptions 

We are currently developing and verifying a novel approach for detecting vibrations using 

optical coherence tomography. Our current testing technique is utilizing a single piezo 

element and looking at just the surface of this device. OCT as a technique is optimal for 

layered structures; however, our current tests ignore the challenges and benefits of 

imaging structures that are multilayered. 



 

3 

 

Furthermore, we are assuming that phase sensitive OCT provides accurate and precise 

measurements of displacement for vibrations occurring in parallel with the laser excitation 

pathway and that our piezo is providing repeatable displacements regardless of orientation. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Imaging modalities 

There are many different imaging techniques that have been discovered over the years, 

some of which include, X-ray computed Tomography(XCT), Magnetic Resonance 

Imaging (MRI), Confocal microscopy, ultrasound and so on. The figure below gives a 

comparison between the various methods for imaging biological tissues. 

 

Figure 1 Graph of Penetration depth vs Spatial Resolution for various imaging techniques, 

[7, p. 3] 
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Using X-ray computed tomography (XCT), it is possible to provide images of the inner 

and middle ear bony features at a 500 microns resolution, however, some deformations of 

the bone and soft tissue of the cochlear are not readily visible[2].  

Magnetic resonance imaging (MRI) can provide imaging of the soft structures of the 

inner and middle ear but its resolution is limited to 1mm for most commercial systems [3]. 

Confocal microscopy is an optical imaging technique with very high resolution 

approaching 1 micrometer but is limited by the diffraction of light. However, Confocal 

microscopy has a very poor penetration power due to optical scattering. Experiments using 

confocal microscopy for imaging biological tissues has attained only a few hundred 

micrometer of depth, making it unsuitable for applications where significant imaging 

depth is required.[7, p.3]  

Ultrasound is analogous to OCT, while ultrasound uses sound as a key component for 

imaging, OCT uses light. Ultrasound can provide very high depths of up to 10 centimeters 

due to low attenuation of sounds at low frequencies within the range of clinical 

applications.[7, p.3]. Ultrasound can achieve resolution down to the scale of OCT if 

performed properly. 

In addition to the disadvantages of the various methods above, none of these approaches 

have the required speed to image the dynamic processes that occur in the middle and inner 

ear and most of these traditional methods lack the resolution needed to image anything 

other than gross malformations of the organs and are not well suited for measuring 

vibratory function. 
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OCT bridges the gap between the higher-resolution optical imaging technologies, such as 

confocal reflectance microscopy, and the lower resolution clinical technologies, such as 

X-ray CT and MRI[7, p.4]. Furthermore, OCT has specific advantages such as its high 

depth and transverse resolution which makes it possible to measure periodic, nanometer 

scale mechanical motion observed in the vocal cords, middle and inner ear[2]. OCT is 

contact free and minimally invasive (Unlike surgical operations) and has the possibility of 

creating various functional dependent images. The combination of resolution and the 

ability to do functional vibratory imaging makes OCT a powerful tool for imaging and 

vibrational studies. 

The prevalence of hearing loss in the US and in the globe as a whole is growing quickly 

especially in children under 3 years old [4]and also in adults over 18 years. This prevalence 

increases with age and has the highest impact on adults above 60 years[5]. It is imperative 

to carry out research on the aspect of hearing loss and provide better methods or techniques 

to help eradicate this prevalence.  

This research serves as a base through which other research on hearing will spring forth. 

Measuring significant changes in the vibrations of an object( in this case a piezo) using 

speckle variance and doppler OCT, can be used in the future to study vibrational 

mechanics in rodents and eventually humans. It is my projection that, in the long run, this 

research will play a key role in combatting hearing loss in humans. 
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2.2 Nano-scale vibrational motion 

Over the years many different methods have been introduced to detect Nano-scale 

vibrations. Understanding the functionalities of vibrational motion can be applicable in 

many fields in science, such as medicine and biomedical engineering. Studying the 

vibrational mechanics of the ear is an ongoing process and is fundamental to finding 

remedies to hearing loss.  

Buried deep within the middle and inner ear of humans is the cochlea. The cochlea is a 

spiraled, hollow, conical chamber of bone in which waves propagate from the base (near 

the middle ear and the oval window) to the apex (the top or center of the spiral). The 

cochlea is the part of the inner ear involved in hearing, it houses the organ responsible for 

the transduction of sound into electrical impulses in the brain. When sound waves reach 

the inner ear, the cochlea receives the sound waves in the form of vibrations through the 

oval window. The vibrations cause precise, localized motion within the cochlea and 

complex interactions between components of the inner ear transduce the vibrational 

motion into electrical impulses, which the brain interprets. When damage occurs to 

components of the inner ear, small changes occur in the healthy vibrational response to 

sound. These small changes have a drastic impact on the ability of the inner ear to detect 

sound.  

As the cochlea is located deep within bone and involves the interaction of soft tissue 

component on a cellular level, vibrational mechanics has been historically difficult to 

study. In this section, I will introduce four different methods for detecting Nano-scale 

vibrations but will focus on OCT Vibrometry because it holds promise for this study. 
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2.2.1. Laser doppler vibrometry(LDV) 

 Laser doppler vibrometry (LDV) is a technique for measuring non-contact vibrations of 

a surface using a laser doppler vibrometer. The vibrometer is generally a two-beam laser 

interferometer which measures the frequency or phase differences between an internal 

reference beam and a test beam. The beam from the laser with frequency f0 divides into a 

reference beam and a test beam when it strikes the beam splitter. The test beam passes 

through the Bragg cell and a frequency shift fb is added to it. The frequency shift beam is 

directed to the sample; the motion of the sample adds a doppler shift to the beam given by 

equation 1 below 

fd = 2*v(t)*cos(α)/λ (1) 

 where λ is the wavelength of the light, v(t) is the velocity of the sample as a function of 

time and α is the angle between the laser beam and the velocity vector. When the light 

strikes the sample, it is scattered into different direction, and some of the scattered light 

with frequency f0 + fb + fd is collected by the laser doppler vibrometer and is reflected by 

the beam splitter into the photodetector.  



 

9 

 

 

Figure 2 Schematic of a laser doppler vibrometer 

The scattered light is recombined with the reference beam at the photodetector. The 

detector responds to the difference in the frequency of the 2 lights fb + fd . The output of 

the detector is a frequency modulated signal, with the Bragg cell frequency as the carrier 

frequency and the Doppler shift as the modulation frequency. This signal can be 

demodulated to derive the velocity or displacement of the vibrating sample. Information 

about the velocity of the vibrating sample will help us understand how the sample vibrates. 

LDV has been used in different applications in Medicine and other fields.  
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Goode et al, used the laser doppler system clinically for measurement of the tympanic 

membrane(TM), malleus and prosthesis head displacement in response to sound inputs of 

80dB to 100dB sound pressure levels(SPL)[6]. The results of their research help provide 

otologist with knowledge of the TM and ossicular functions that was unique in evaluating 

middle ear function. 

Stasche et al, measured vibrations in the tympanic membrane of the middle ear using laser 

doppler vibrometry, they were able to find a correlation between the umbo and the 

experimentally produced middle ear disorder.[7] 

John J Rosowski et al were able to use laser doppler vibrometry to investigate the 

relationship between the sound induced velocity of the tympanic membrane at the umbo 

and the cause of conductive hearing loss when the tympanic membrane was normal, and 

the middle ear was aerated. They found out that the pattern of laser doppler vibrometry 

measurements in post stapedectomy approximated the patterns in ears of ossicular 

interruptions. They concluded that laser doppler vibrometry is a useful tool for 

investigating middle ear function[8].  

A. Nuttall et al measured vibrations of the Basilar Membrane (BM) using LDV. They 

were able to get frequency tuning curves and input/output intensity functions.[9] 

S Terasaki et al in their article ”Nondestructive Measurement of Kiwifruit Ripeness using 

Laser Doppler Vibrometry”, used an LDV to evaluate viscoelastic properties of kiwifruit 

at different stages of ripeness. In their measurement they deduced a relationship between 
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the stiffness coefficient and the loss coefficient. They found that early stages of fruit 

softening are reflected by the stiffness coefficient and late stages are reflected by the loss 

coefficient[10]. 

2.2.2 Atomic Force Microscopy(AFM) 

 AFM is a high-resolution scanning probe microscope with very high resolution up to 

nanometer scale. First discovered by Binning and Rohrer in 1986[11], the AFM consists 

of a cantilever with a sharp probe that scans through the surface of the test sample. When 

the tip of the probe is brought very close to the test sample, the forces between the tip of 

the probe and the sample cause a deflection in the cantilever. The deflection in the 

cantilever causes the laser beam that fall on it to be reflected onto a photodiode. The 

variation of the laser beam is a measure of the applied forces.  

 

Figure 3 Schematic Principle for the AFM 
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Two primary modes of operation exist for conducting AFM- contact and non-contact 

mode.  

In contact mode, the tip of the probe of the cantilever drags through the surface of the test 

sample, and the deflection of the cantilever is used to measure the contours of the surface. 

Noise and drift that can affect the signal is eliminated by using a low stiffness cantilever, 

but this allows the attractive forces to pull the tip to the surface of the sample. To avoid 

this the tip is in contact with the surface of the sample where the overall forces is repulsive. 

In non-contact mode, the tip of the probe vibrates slightly above its resonant frequency 

without it touching the test sample. A feedback loop system helps to maintain the 

oscillation amplitude constant by changing the distance from the test sample to the tip of 

the probe. Recording the distance between the tip and the sample at each point enable the 

software to construct a topographic image of the test sample.  

The AFM can measure a very small sample with a very high level of accuracy, and it does 

not require to be used in a vacuum as other technologies, and the sample does not need to 

undergo any treatment. 

The downside of the AFM is the single scan image size, which is of the order of 150*150 

micrometers compared with millimeter for a scanning electron microscope. Another 

disadvantage is its very slow scan time which can lead to a damage in the test sample. 
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AFM has been used by scientist all over the world for different applications. AFM has 

been used for doing non-destructive surface profilometry[12], a method that is much 

needed by most Biologist and as an PEM fuel cell diagnostic tool[13] 

 

2.2.3 Doppler vibrometry ultrasound(DVU) 

Doppler Vibrometry ultrasound operates on the principle of doppler effect. The principle 

of doppler effect explains that sound pitch increases as the source of the sound moves 

towards the listener and decreases when the source of the sound moves away from the 

listener. Ultrasound pulses are transmitted into a moving target or sample and 

backscattered echoes from the vibrating surface is frequency modulated as a result of the 

doppler effect. The modulated echo or ultrasound signal is received by the transducer that 

is co-located at the transmitter and processed for information. This method has been used 

in various fields, especially in the medical field. Sirdar et al introduced ultrasonic doppler 

vibrometry as a novel method for the detection of left ventricle wall vibrations cause by 

post-stenotic coronary blood flow[14] and used it to detect coronary artery 

disease(CAD)[15]. Doppler vibrometry ultrasound has also been used to extract velocity 

from a walking human body[16] and to study human motion[17] 

2.2.4 Optical Coherence Tomography Vibrometry 

Optical coherence tomography is imaging of tissues by sections or slices (tomography) 

using the coherent properties of light. We can study vibrational motion of various 

biological tissues by imaging the various tissues using the technique of OCT. The image 

acquired can be and is presently performed in real time using software like MATLAB, to 
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find every information about the tissues or vibrating object. This can be very beneficial in 

the long run since predictions could be made and a better model for hearing loss could be 

created. The principle of OCT is based off of low coherence interferometry. 

 

Low Coherence interferometry 

In low coherence interferometry, an interferometer is used with a broadband light source. 

Light from the light source is split into two by the beam splitter- one goes into the sample 

and is reflected on the same path in the opposite direction and the other goes to the 

reference arm and is reflected by the reflecting mirror back in the same path in the opposite 

direction. They later recombine by means of interference before entering the detector for 

signal to be processed. Interference occurs when the length from the source to the sample 

arm matches that from the source and the reference arm.[7, p.7] 

 

Figure 4 Principle of Low coherence interferometry[7, p.8] 
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 Free Optics OCT System 

From the figure below, light from the laser source is directed into a beam splitter and it 

splits into a reference and sample arm by a 50/50 ratio. The light from the sample arm is 

reflected to the sample and bounces off of the sample and back into the sample arm with 

different time delays according to the microstructure of the sample arm. 

 

Figure 5 General OCT system for free optics 

 

The light that enters the reference arm is reflected from the reference mirror at a variable 

distance producing a variable time delay. The light from the sample later interfere 

constructively with the light from the reference and is detected by the detector, which is 

usually a photodiode that measures the intensity of the interfering beams of light. 
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 Fiber Optics OCT system 

 The implementation of the optical fiber in OCT gives the possibility of altering the ratio 

of the amount of light that goes to the reference arm and sample arm.  As light from the 

laser or photodiode enters the Fiber-coupler and is split in two, part of the light goes to the 

reference arm and is reflected through that same part, and the other bounces off the sample 

and back into the Fibre-coupler. The two reflected light beams recombines by means of 

interference and is detected. The Fiber optics implementation of OCT produces an image 

of very high resolution, since it is possible to change the amount of light that goes to the 

sample. 

 

 

Figure 6 Fiber optics implementation of OCT(single mode) 
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2.3 Methods for performing OCT 

Two methods are widely used for performing OCT, these include time domain OCT (TD-

OCT) and frequency domain OCT (FD-OCT). Each of these methods have various 

advantages and disadvantages in imaging.  

 2.3.1Time domain OCT (TD-OCT) 

In time domain OCT, the mirror in the reference arm of the interferometer is moved to 

match the delays in various layers of the sample. The resulting interference signal is 

processed to produce the axial scan waveform. Since the reference mirror must move one 

cycle for each axial scan, the need for mechanical movement limits the speed of image 

acquisition. In addition, at each moment, the detection system can collect only signals 

from a narrow range of the depth in the sample, therefore rendering the serial axial 

scanning inefficient.  
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Figure 7 Principle of Time domain OCT 

 

 

2.3.2 Frequency domain OCT (FD-OCT) 

Even though the TD-OCT can be used to generate 1-dimensional or even 2-dimensional 

cross section of the sample, it usually involves translating the reference mirror 

longitudinally and scanning in order to obtain the image. Doing this requires a lot of time 

and will not be ideal for imaging large areas of the sample in real time. In FD-OCT, the 

reference mirror is kept constant and the spectral pattern of the interference between the 

reference and the sample reflections is measured. The spectral interferogram is Fourier 

transformed to produce an axial scan. The absence of any mechanical movements makes 

it possible for the image to be acquired very rapidly. Furthermore, reflections from all 

layers of the sample are detected simultaneously. The parallel axial scanning is much more 

efficient, resulting in both greater speed and higher signal-to-noise ratio. Frequency 
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domain OCT can be implemented in two ways: Spectral/Fourier domain OCT and swept 

source domain OCT. 

 

2.3.3 Fourier/Spectral domain OCT 

 In the spectral or Fourier domain OCT, a broad-spectrum light source is used, and a 

spectrometer is utilized in the detector arm of the interferometer. The interfering light 

enters the spectrometer and is spread into a spectrum. The spectrometer has a grating or 

prism that spread the light into different beams based on the frequency or wavelength of 

the light. The spectrum is detected by a linear detector.  

 

Figure 8 Principle of spectral domain OCT[18] 

 

2.3.4 Swept Source domain OCT 

 In swept source domain OCT, a tunable laser is used to sequentially sweep through the 

spectrum and the signal is collected by a photodetector. The advantage of sweep source 

domain OCT using a photodetector over a linear detector is its ability to use a wide range 
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of wavelengths which are well suited for imaging scattering tissues, since there are less 

attenuations than in shorter wavelengths.[1] 

 

Figure 9 Principle of swept source domain OCT 

 

2.4 Advantages and disadvantages of different methods 

Spectral domain OCT has some advantages that makes it preferable for imaging biological 

tissues, these advantages include very high resolution and a reasonably high speed 

associated to spectral domain OCT since no mechanical movement of the parts is needed. 

Furthermore, the image produced using spectral domain OCT is highly visible, compared 

to that of TD-OCT. 

The table below shows the relationship between spectral domain OCT and time domain 

OCT in terms of various characteristics: 
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Table 1 Comparison of Spectral domain OCT and Time domain OCT 

 [19][20][21][22] 

 

Characteristics Spectral domain OCT Time domain OCT 

Light source 840nm 820nm 

Detector Spectrometer Single detector 

Axial resolution Same  Same 

Transverse resolution 20 microns 20 microns 

Scan depth 2mm Limited by sampling can 

be in cm 

Scan speed About 200000 A scans per 

sec 

1000 A scans per second 

Signal to Noise Ratio 130dB 104dB 

Sensitivity Very high above 80dB Very high 

 

2.5 General Advantages of OCT for this study 

In OCT technique for imaging, depth resolution is independent of the sample beam 

aperture and the coherence gate can substantially improve the probing depth scattering 

media. This makes OCT advantageous to other optical technique. Compared to non-

optical imaging techniques, OCT has a very high depth and transverse resolution and can 

create function dependent image contrast. The main disadvantages of OCT compared to 
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alternative imaging modalities in medicine is its limited penetration depth in scattering 

media. 

 

2.6 General applications of OCT Vibrometry  

From its inception, OCT was initially applied to imaging in ophthalmology [23]. The 

advances in technology has made it possible for many applications in OCT to emerge, 

most of which are in the medical field[24]. OCT can be applied to various fields ranging 

from ophthalmology (Studies of the human eye) to dermatology (study of the skin) 

OCT vibrometry in otology: OCT Vibrometry has been used by several scientists in 

Otology, to study normal and pathological anatomy and physiology of the ear. 

R Wang et al used phased sensitive optical coherence tomography as a novel method, to 

image tissue of the organ of Corti at sub-nanometer scale. In this experiment, they deduced 

that biomechanical mechanisms of the response of the organ of Corti to sound could be 

measured using phase sensitive optical coherence tomography[25] 

H Subhash et al applied OCT vibrometry technique to detect tiny motions of the middle 

ear structure such as the tympanic membrane, the ossicular chain and their morphological 

features for differential diagnostics of conductive hearing losses. They were able to 

measure vibrational motion of the ossicles with a vibration sensitivity of about 0.5nm.[26] 

OCT vibrometry in gastroenterology and dermatology: OCT has been used to image 

and diagnose digestive track disorders in the human body. Gastroenterological OCT was 

first initiated and performed by Izatt et al[27], who showed that OCT and OCM can be 

used for high resolution and characterization of dense scattering tissues and demonstrated 
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their applications in imaging of gastrointestinal tissues in vitro. In dermatology, OCT has 

been used to diagnose various skin lesions like carcinomas[28][29][30] 

OCT in Ophthalmology: Ophthalmology is still the domineering field for medical OCT 

for the reasons mentioned above. Recently OCT has been used in imaging microscale 

displacement related to mechanical properties within the relative transparent media of the 

cornea and lens[31]. OCT Vibrometry technique has been used to measure mechanical 

wave speed, dispersion and viscoelastic modulus of the cornea, properties that are very 

important in Ophthalmology[32] [33] 

OCT vibrometry technique has also been utilized in various ways to visualize and measure 

sound-induced vibrations in intracochlear tissues of a mouse and other rodents. 

[34][35][36][37][38][39][40] 

In recent years OCT has been applied in Dentistry to detected decayed teeth[41][42][43] 

and caries lesions[44]. In hemostatic therapy, OCT has been used for recording of cardiac 

flow dynamics in developmental biology[45] and other non-medical applications like 

nondestructive evaluation of paints and coating[46] 

2.7 Speckle Variance 

Speckle present in biological tissue imaging is due to the interference of light 

backscattered from the tissue. Besides its role as noise in coherent imaging, speckle is a 

carrier of information about the tissue microstructure. Speckle has become very useful in 

a series of measurement techniques, spanning from the field of medicine to engineering. 

[47]. Speckle has been applied in pharmacodynamic studies to evaluate the motility of 

parasites [48]. In OCT imaging, speckle cannot be avoided since it is embedded in the 
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OCT image and results in the degradation of the image quality. Speckle reduction is a very 

important aspect in imaging. Research on speckle reduction has been conducted by many 

scientists[49], though the results always end with a conclusion that speckle cannot be 

totally reduced in imaging, and if speckle is completely removed, then no information can 

be found regarding the tissue microstructure or object being imaged[50]–[52]. Speckle 

variance OCT, a specialized field in OCT has been used to study different physical 

phenomena; speckle variance OCT has been used to image the morphology in vivo of a 

mice[53] and has also been used for visualizing blood flow within human retinal capillary 

networks[54] 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Instrumentation 

Below is a list of all the instruments that were used in this research project with various 

specifications: 

 Superluminescent Diode (SLD) with 920nm wavelength, 30nm bandwidth and 

20mw optical power, forward voltage of 2.5V and forward current of 150mA 

 Faraday Optical Isolator(FOI) with a center wavelength of 850nm, a spectral range 

of 840nm-960nm, a clear aperture of 4mm. It has an isolation of 30-38dB and a 

Dichroic glass polarizer. 

 Cobra-S Spectrometer with a 920nm and 28-300nm bandwidths 

 3*3*2mm, 75V Piezo chip with wires 

 Two Plano-Convex lenses with focal lengths of 12.5mm and 40mm 

 Optics in motion beam stirring mirror  with a 1” * 0.25” glass mirrors 

 930nm Fibre Optic coupler with ± 100nm Bandwidth, 50/50 split ratio and a signal 

output of 44.0% - 56% 

 Various Mounts and drivers 

 Kinematic mounts and 4mm mirrors 

 Laser diode controller 

 TEC Controller with output voltage and power of 4V and 4W respectively 

 26mm translational stage 

 Function Generator 
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 Computer Interface 

3.2 Production of a Spherical Laser Beam 

The Light source used for our OCT system is an SLD because it has a high power, broad 

band spectrum and the emitted light has a short coherence length. An SLD is a 

combination of a laser diode and a light emitting diode (LED). Since the  light beam 

produced by the SLD is elliptical in nature, the power output will be less efficient and it 

will be difficult coupling the elliptical beam into the optical fiber; therefore, the first thing 

we did was to produce a spherical beam of light from the elliptical beam. In order to do 

this, we used a silver coated reflective mirror to reflect the elliptical laser beam into a 

Faraday Optical Isolator ( FOI) with a wavelength of 850nm and a center aperture of 4mm. 

The FOI allows the transmission of light in one direction only in order to prevent unwanted 

feedback or backscattering of light. The light then passes through two plano-convex lenses 

and is reflected into the optical fiber using a reflective mirror. A plano-convex lens is a 

converging lens with one flat surface and one convex surface that allows light to be 

focused, collected and collimated. In principle, parallel beam of light that leaves the FOI 

is brought to focus at the optical fiber using the two plano-convex lenses. 
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Figure 10 Plano-Convex Lens Combination 

 

Since the two lenses are oriented in such a way that the light beams enter and exit the 

lenses through the curved (convex) surface, very low spherical aberration is achieved, 

hence the light beam that enter the optical fiber is spherical in shape, focus, and has a very 

high power. We can therefore expect very high image quality. 

3.3 Layout of the Optical Fiber OCT System 

Figure 8 below shows a layout of the OCT system used in this research. When all apparatus 

is put together and plugged into the power supply, light beam from the SLD is incident 

unto a reflective 4mm mirror M1 and M1 reflects the light rays into a FOI. The FOI allows 

light to be transmitted in one direction only and eradicates any backscattering of the light. 

The light beam leaving the FOI passes through 2 plano-convex lenses( PCL1 and PCL2) 

of different radii and focal lengths and is reflected by a reflective mirror (M2) into an 

optical Fibre system. The optical Fibre system has a 930nm Fibre optic coupler with ± 
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100nm Bandwidth and a 50/50 split ratio. The light rays that enter the Fiber optic coupler 

is split into a 50/50 ratio, 50% of the light rays goes into the reference arm and the other 

50% goes to the sample arm. 

 

Figure 11 Schematic of a Fibre optic  Fourier domain OCT system. 

 SLD = Superluminescent Diode. FOI = Faraday Optical Isolator. PCL1 = Plano-Convex 

Lens 1 ( with 12.5mm focal length). PLC2 = Plano-Convex Lens (With 40mm Focal 

length). M1, M2, M3 and  M4 are silver coated reflective 4mm mirrors. OFH = Optical 

Fibre Head.  L1, L2 and L3 are Converging Lenses. RM = Reference Mirror and SP = 

Signal processing. 

 

The light rays that enter the reference arm are reflected back  through the same path by 

the reference mirror (RM) while some of the light rays is transmitted. The light rays that 

enters the sample arm is converged unto a reflective mirror M4  using a converging lens 

L2, and the rays are then incident into a test sample using another converging lens L3. 

Some of the light rays that are incident on the sample are transmitted into the sample and 
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the other are reflected through the same path. The two reflected light; the one from the 

sample and the other from the reference mirror later recombine by the process of 

interference. Interference can either be constructive or destructive, depending on whether 

the two light sources started in phase or pi out of phase. For the case in which the two light 

beams started in phase, constructive interference will occur when the path difference 

between the two reflected light is zero or an integer number of wavelengths. In this case 

the two light beams(waves) combine perfectly creating an even larger wave, with peaks 

equal to two times the peak of one of the waves(light). Destructive interference occurs 

when the path difference between the two light beams(waves) equals half of an integer of 

wavelengths. In this case the two waves (light beams) cancel the effect of each other and 

we don’t see anything at the detector. 

The combined light beam(by constructive interference) is directed through a fiber optic 

cable into the spectrometer through a narrow aperture. The spectrometer has a prism or 

grating that disperses the spectral component of the light at slightly different angles. The 

spectral component of the light is then focused onto a detector. At the detector, the signal 

is processed using computer software and is displayed on a monitor.  

 

3.4 Experiment 1: Measuring the DC Offset 

In the first experiment, the sample arm is blocked using the black end of a Thorlabs 

detector card, and interferograms are collected. In this case, light rays leaving the SLD, 

get into the fiber optic cable and are split in a 50:50 ratio. The light that enters the reference 

arm is reflected by the reference mirror through the same path, while the light that enters 
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the sample arm is stopped from reaching the sample by an opaque object(Black card). At 

the sample arm, there is no contact between the light rays and the test sample, therefore, 

all the light rays reaching the detector are from the reference arm of the OCT system. The 

light (signal) is processed using a software and is displayed on a monitor as interferograms. 

This experiment is done multiple times to ensure accuracy. 

3.5 Experiment 2: OCT system with piezo as the test sample 

For the first part of experiment 2, a 3*3*2mm, 75V Piezo chip is placed on the objective 

of the sample arm. The piezo is used as the vibrating source for this experiment. The first 

part of the experiment is carried out without the piezo vibrating(no power). Light rays 

entering the sample arm bounce off on the non-vibrating piezo and are reflected  through 

the same path and recombine with the reflected light from the reference arm at the 

spectrometer and are detected by the detector. Using computer software, the signal is 

processed and displayed on the monitor. 

In the second part of the experiment, the piezo was powered using the function generator 

at a frequency of 2500Hz. The piezo was placed at a horizontal surface (stage) oriented in 

such a way  that light rays emerging from the objective lens at the sample arm, strikes the 

piezo at 900. Various measurements were taken at different voltages ranging from 0.1V to 

5V.  
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Figure 12 Orientation of the Piezo 900 with respective to the Objective 

 

The third part of experiment 2 was performed while the piezo was vibrating at a frequency 

of 2500Hz, the piezo was oriented in  such a way that it made an angle of 850 with respect 

to the horizontal stage. Different measurements were taken at different voltages ranging 

from 0.1V to 5V. 

 

Figure 13 Piezo oriented at 850 to the Horizontal stage 
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In all these experiments the temperature of the SLD was kept in check using the TEC 

controller. If the temperature of the surrounding drops or increases to an undesired 

amount, the TEC controller stabilizes it at a room temperature of 250 C to ensure proper 

functioning of  the SLD. All the experiments were repeated several times to ensure 

accuracy.  

 

3.6 Mathematical Treatment of OCT 

The OCT spectral interferogram can be written as 

𝑰(𝒌)𝜶 𝑹𝒆{ ʃʃ𝑺(𝒌)𝒓(𝒙, 𝒛) 𝐞𝐱𝐩 (𝟒𝒍𝒏𝟐 (
𝒙𝟐

𝝎𝟎
)) 𝐞𝐱𝐩(−𝒊𝟐𝒌𝒛) 𝒅𝒙𝒅𝒛}                              (2)                                  

Where k=2π/ λ denotes the wavelength, Re{} denotes the real part , operator, (x ,z) denote 

the coordinate of the reference frame fixed to the sample, S(k) is the source power spectral 

density, r(x, z) is the backscattering coefficient of the sample and 𝜔0 is the full-width at 

half maximum of the beam intensity profile. For a Gaussian spectral shape  

S(k)α exp(-4ln2(𝐤 − 𝒌𝟎)𝟐/∆𝒌𝟐)                                                                                                  (3) 

Equation (2) above can also be written also as  

I(k)∝ 𝑺(𝒌) ∑ 𝒋√𝑹𝒔𝒋𝑹𝒓 𝐜𝐨𝐬 {𝟐𝒏𝒌∆𝒛𝒋 + 𝟐𝒏𝒌𝟎𝒅𝒛𝒋}                                                                     (4) 

Where S(k) is the power spectrum of the light source represented by equation (2), 𝑅𝑠𝑗 is 

the reflectivity of the sample at the jth depth, 𝑅𝑟 is the reflectivity of the reference arm, n 

is the refractive index between the reference and sample arm reflectors, k is the 

wavenumber, 𝑘0 is the center wavenumber, ∆𝑧𝑗 is the distance between the jth reflector in 

the sample and the reference reflector measured from traditional OCT and is defined by 
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the full width at half maximum of the spectrum source, and d𝑧𝑗 is the sub-resolution 

displacements of the jth reflector in the sample, also interpreted as the phase shift. 

The raw data acquired from the  spectrometer  is  a pattern of light showing the intensity 

as a function of wavelengths λ, an interpolation was done to obtain wave numbers (k=2π/ 

λ ) as seen in equation (4). Taking the inverse Fourier transform of equation (4) yields a 

complex signal in z-space 

      I(x)∝
𝟏

𝟐
𝜸(𝒛) ⊗ ∑ √𝑹𝒔𝒊𝑹𝒓𝒊 𝜹[𝒛 ± 𝟐𝒏∆𝒛]𝒆𝒙𝒑 ± 𝟐𝒏𝒋𝒌𝟎𝒅𝒛                                            (5) 

where 𝛾(𝑧) , the coherence function is the FT of S(k), ⊗ represents the convolution 

operator, 𝛿 is the Dirac delta function and z is the position in depth within the sample. 

Now for any given ∆𝑧, the phase of the signal is a linear function of dz, phase changes can 

be tracked over time [55] . Equation (5) below can be used to convert the phase of the 

interferogram to displacement 

𝐝𝐳(𝟐𝐧∆𝐳, 𝐭) =
𝟏

𝟐𝒏𝒌𝟎
(< 𝑰(𝟐𝒏∆𝒛, 𝒕)−< 𝑰(𝟐𝒏∆𝒛, 𝒕𝟎))                                                   (6) 
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CHAPTER 4 RESULTS AND CONCLUSION 

Speckle is a very important concept in imaging biological tissues. Speckle is a property of 

the light source and the sample that remains unchanged under stable conditions . Any 

motion of the sample or the light source results in changes in speckle. As a result of the 

properties of speckle, we hypothesize that it is possible to detect small changes(vibrations) 

in the sample positions by tracking speckle over time.  

Expected Results from Experiments 

From all the experiments carried out using the powered piezo, we had certain expectations 

of what the results should be. 

We expected the frequency domain phase signal that was dependent of Doppler angle 

since the phase of a signal is related to the angle. We also expected the frequency domain 

speckle signal to be independent of Doppler angle 

Obtained Results from Experiments 

To verify the accuracy of our experiments, we calibrated the vibrational motion of the 

piezo relative to the magnitude of the applied sinusoidal voltage. We found a linear 

relationship between measured piezo displacement and applied sinusoidal voltage.  

We kept changing the sinusoidal voltage from 1mV to 5V, for each of the voltages we 

measured the piezo displacement using the OCT system and we found that increasing the 

voltage of the piezo using a function generator led to an increase in the 

displacements(vibrations) from the piezo. This was expected, since the function generator 

is the power house of the piezo,  any increase in the voltage should lead to an increase in 

the piezo displacements, and any decrease in the voltage of the source(function generator) 
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should lead to a decrease in the piezo displacements. Figure 14 below further explains the 

results 

 

 

Figure 14 Graph of Displacement(nm) vs Applied Voltage(mV) for the piezo  

 

Next, we characterized the dependence of the OCV signal to the Doppler angle of the 

imaging system. By rotating the axis of the beam relative to the vibrational direction of 

the piezo we characterized the loss in signal with Doppler angle. Surprisingly the loss of 

vibrational magnitude was not as pronounced as we expected, implying either 

displacement of the piezo in multiple axes or some compounding source of noise. 

Figure 15 below shows a relationship between the displacements( in nanometers) from the 

piezo vs the Doppler angle(in degrees) for different voltages obtained from the frequency 

domain phase signal. 
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Figure 15 Graph of Displacement(nm) vs Angle(degrees) for frequency domain 

phase signal for different voltages 

 

From the Figure 15 above we observe a change in the displacements with different angles. 

Considering a voltage of 200mV, when the angle was 00 the displacement was 

approximately 140nm, at an angle of 300 the displacement decreases to a value of 135nm 

and at angle of 600, the displacement was measured to be approximately 100nm. This was 

the same trend observed at a voltage of 300mV and 400mV. The data obtained from the  

frequency domain phase signal indicates a decrease in the measured displacements when 

the angle increase, hence, we conclude that the frequency domain phase signal is 

dependent on Doppler angle. 
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The data from frequency domain phase signal and speckle signal showed that speckle 

measurements can track vibrational motion with a lower sensitivity compared to phase 

signal (Figure 16) and frequency domain speckle signal is dependent on Doppler 

angle(Figure 17). 

 

Figure 16 Sensitivity in vibrational measurements of Phase signal vs Speckle signal 
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Figure 17 Graph of Normalized magnitude vs Frequency for speckle signal. 

 

We didn’t expect a dependency in Doppler angle using speckle.  Some of the questions 

we have that may have resulted in this dependency may be related to the roughness of the 

surface or the impact of layered motion in speckle, since we looked at the single layer 

(surface) of the piezo. We used the decorrelation method and the FFT method and had the 

same results for speckle signal, so it is possible that our methods for extracting 

measurements were wrong. 

Accomplished task 

We were able to build and assemble an OCT system that can collect nanometer scale 

vibrational motion.  
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Figure 18 Graph of Magnitude(nm) vs Frequency(Hz) of spectral interferogram from 

OCT system. 

 

Conclusion 

We have performed an initial characterization of the vibrational sensitivity of speckle 

variance OCT. From our measurements, we determined a based sensitivity of speckle 

variance OCT of 50 nm vibrational motion with a signal to noise ratio of 1.7 dB. For the 

same vibrational motion, we measured a signal to noise ratio of 39.4 dB from phase 

variance. Contrary to our expectations, we found that both speckle variance measurements 

of vibration and phase variance measurements of vibration were highly dependent upon 

the Doppler angle. Thus, while there is potential for speckle variance OCT to detect 

nanometer scale vibrational motion, further work must be performed to determine if it is 

indeed possible to decouple speckle variance from the Doppler angle. If future work 
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determines it is impossible to decouple speckle from the Doppler angle, phase variance is 

a far more powerful technique.  

 Recommendation for Further Research 

Our results showed a dependency of frequency domain speckle signal on Doppler angle. 

This was not supposed to be the case, so part of the work than can be done in the future 

will be to repeat the experiments using the high-speed OCT system and  to verify why this 

dependency exists. Next, a relationship between the roughness of the sample and speckle 

(speckle decorrelation) must be determined, since our experiment did not consider the 

roughness of the sample surface.  

In addition, the impact on layered motion must be determined. A question that will need 

to be answered might be this: what role does movement above the sample play on the 

sample itself? Finally, a robust formula for converting speckle decorrelation 

measurements to vibrational magnitude must be determined. 
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