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ABSTRACT 

Optical coherence tomography (OCT) and optical coherence microscopy 

(OCM) are non-invasive optical coherence imaging techniques, which enable micron-

scale resolution, depth resolved imaging capability. Both OCT and OCM are based on 

Michelson interferometer theory. They are widely used in ophthalmology, 

gastroenterology and dermatology, because of their high resolution, safety and low 

cost. OCT creates cross sectional images whereas OCM obtains en face images. In 

this dissertation, the design and development of three increasingly complicated 

analog signal processing (ASP) solutions for optical coherence imaging are presented.  

The first ASP solution was implemented for a time domain OCT system with 

a Rapid Scanning Optical Delay line (RSOD)-based optical signal modulation and 

logarithmic amplifier (Log amp) based demodulation. This OCT system can acquire 

up to 1600 A-scans per second. The measured dynamic range is 106dB at 200A-scan 

per second. This OCT signal processing electronics includes an off-the-shelf filter 

box with a Log amp circuit implemented on a PCB board. 

The second ASP solution was developed for an OCM system with 

synchronized modulation and demodulation and compensation for interferometer 

phase drift. This OCM acquired micron-scale resolution, high dynamic range images 

at acquisition speeds up to 45,000 pixels/second. This OCM ASP solution is fully 

custom designed on a perforated circuit board. 
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The third ASP solution was implemented on a single 2.2 mm x 2.2 mm 

complementary metal oxide semiconductor (CMOS) chip. This design is expandable 

to a multiple channel OCT system. A single on-chip CMOS photodetector and ASP 

channel was used for coherent demodulation in a time domain OCT system. Cross-

sectional images were acquired with a dynamic range of 76dB (limited by 

photodetector responsivity).  When incorporated with a bump-bonded InGaAs 

photodiode with higher responsivity, the expected dynamic range is close to 100dB. 
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CHAPTER 1: INTRODUCTION 

1.1 MOTIVATION 

Modern non-invasive 3-D imaging techniques such as ultrasound, computed 

tomography (CT), magnetic resonance imaging (MRI) and confocal microscopy have 

been widely used to image living tissue. Those techniques have the potential to 

reduce the time, cost and risk associated with invasive technique for diagnosing 

disease. Optical coherence imaging, including optical coherence tomography (OCT) 

and optical coherence microscopy (OCM), is an emerging technique that can take 3-D 

image of highly scattering tissues with 1-15µm resolution and 2-3mm penetration 

depth.  

Since the first fiber optics based OCT paper was published in 1991 [Huang, 

1991], OCT has rapidly become a prominent technology for biomedical tissue 

imaging. Various OCT applications have been reported in Ophthalmology [Schuman, 

2004], Dermatology [Gladkova, 2000], Gastroenterology [Izatt, 1996], Dentistry 

[Colston, 1998], Cardiology [Brezinski, 1996] and Urology [Tearney, 1997]. One 

commercially available device (Stratus, Carl Zeiss Meditec Inc., San Diego, CA) has 

achieved success for retinal and anterior chamber imaging. In the near future it is 

anticipated that OCT will be widely available in the clinic and hospital settings 

similar to ultrasound imaging.  

The overall goal of the presented research is to create a compact, low cost, 

high performance analog signal processing (ASP) solution for optical coherence 
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imaging. Optical coherence imaging technology is rapidly developing with high 

speed, ultrahigh resolution imaging. Off-the-shelf ASP solutions either lack the 

necessary bandwidth, and/or are prohibitively large and expensive for OCT and OCM 

signal processing. In this dissertation, three optical coherence imaging ASP solutions 

are presented for OCT and OCM systems. 

The first ASP system was designed for a fast axial scanning time-domain 

OCT system. This system has been used for a variety of studies, most notably a 

clinical study to evaluate the degree of sun damage in skin and identify the pre-

cancerous lesion actinic keratosis. A pilot study [Barton, 2003] has been published by 

our group, showing that there are significant differences in the layer thicknesses and 

backscattered intensity of normal skin compared to actinic keratosis. Prior to the 

presented design, this OCT system utilized a commercially available lock-in amplifier 

(SR810, Stanford Research Systems, Sunnyvale, CA).  The limited bandwidth of this 

device curtailed the maximum scanning frequency possible, and thus limited imaging 

speed. 

The second ASP system as designed for a fiber based OCM, under a 

subcontract to Colorado State University. The OCM was designed to study gene 

expression in a model organism (Arabidopsis). An unmet challenge is to examine the 

three-dimensional gene expression patterns in intact organisms without disruption. 

Optical coherence microscopy (OCM) allows non-destructive, repetitive, quantitative, 

in vivo three-dimensional visualization of tissues and organs in intact organisms with 

high resolution and reasonable depth of imaging. By utilizing high numerical aperture 
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optics, en face scanning, and focal depth tracking, OCM provides higher lateral 

resolution than regular OCT. Additional challenges arise with OCM signal 

modulation, because pathlength modulation must be synchronized with data 

acquisition and phase drifts in the interferometer must be accounted for in the 

demodulation process by a dual-harmonic detection process. With the system 

modulation frequency, bandwidth, and dual harmonic requirement, the only off-the-

shelf ASP solution would require multiple instruments and cost several thousand 

dollars. 

The third ASP solution incorporated CMOS detection and demodulation, and 

was designed for a relatively slowly scanning time-domain OCT system. The ultimate 

goal of this research is to create a parallel OCT system. This device would be a novel 

optical imaging instrument with a superior combination of rapid acquisition speed, 

large dynamic range, small size and low cost, created by combining up to 100 

channels, requiring 100 on-chip ASP channels. This design allows rapid image 

acquisition with inexpensive, low power light sources. In this dissertation, one 

channel on-chip ASP is realized to demonstrate feasibility. While a commercial lock-

in amplifier such as the SR810 would be acceptable for a single channel, obviously 

this solution would be cost-prohibitive for a 100 channel system. 
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1.2 DISSERTATION AIMS 

This dissertation includes the development of ASP for three optical coherence 

imaging systems. While the focus of the author�s effort was on the ASP, he also was 

involved critically in the development of the complete systems. In the case of OCM, 

synchronization of modulation (performed by some mechanical movement in the 

interferometer) and demodulation is the pivotal driver of the system design.  

Therefore, considerable effort was devoted to system design with special attention 

paid to modulation subsystems. In total, there are five specific aims: 

1) Perform system-level design and development of a rapid scanning optical 

delay line, and implement envelop detection (logarithmic amplifier) of the photo 

receiver signal of  a fast axial scanning OCT system. 

2) Analyze and simulate a novel OCM modulation/demodulation scheme 

which is insensitive to interferometer phase drift.   

3) Build an OCM system including the modulation/demodulation scheme 

developed in specific aim 2, and demonstrate superb image quality. 

4) Perform CMOS design and simulation an ASP circuit for a slow axial 

scanning OCT system. 

5) Layout, have fabricated, and test necessary subcomponents and a single 

channel ASP. Demonstrate high quality imaging using the ASP in a slow-axial 

scanning OCT system. 
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1.3 DISSERTATION ORGANIZATION 

This dissertation begins with the introduction of optical coherence imaging 

techniques, including OCT and OCM. A brief overview of the current developmental 

status and principle of optical coherence technology is given.  

Chapter 3 describes the development of a fast-scanning, time domain OCT 

system, which features a rapid scanning optical delay line (RSOD) and logarithmic 

amplifier (Log amp) based signal demodulator. The theory of RSOD is analyzed. 

Then the Log amp is introduced.  The Log amp circuit has two important parameters: 

slope and intercept voltage. The configuration of both parameters is explained to 

optimize the system dynamic range.  Finally the sample skin images taken by the fast 

OCT systems are given to demonstrate excellent image quality.  

Chapter 4 presents the design of a novel OCM system. The OCM optical 

system design is described at first, followed by the synchronized modulation and 

demodulation electronics simulation and design. The OCM electronic design is 

divided into sub-modules. Circuit schematics of each sub-module are shown and 

explained in detail. The results of OCM system characterization and test are given. 

Finally high quality OCM images of carrot tap root, Arabidopsis leaf and rat ovary 

are demonstrated  

Chapter 5 starts with the introduction of CMOS chip based OCT system, 

which features low cost, small size and ease of parallelization for fast imaging speed. 

After the explanation of the overall design, this chapter focuses on the design of each 

subcomponent, which includes a transimpedance amplifier (TIA), differential gain 
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stage (DGS), mixer and switched-capacitor low pass filter (SC-LPF). Based on the 

design, three chips are fabricated. 

Chapter 6 introduces chip #1 and chip #2. Both chips are designed for the 

subcomponent testing. Tests necessary to confirm compliance to important 

specifications of the subcomponents are measured. Detailed measurement setup and 

procedures are given, and measurement results are discussed. The results show that 

all of the subcomponents function correctly and most measurements are very close to 

the simulated value.  

Chapter 7 presents the results of testing the one-channel CMOS chip within an 

OCT system. The one-channel CMOS based OCT system achieves a dynamic range 

of 76dB and a only minor degradation of axial resolution. Compared to reported prior 

art, our design demonstrates an improved image quality due to higher dynamic range. 

A sample image of finger tip is taken with the system can clearly show different 

layers of the finger tip. 
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CHAPTER 2: INTRODUCTION OF OCT AND OCM 

2.1 INTRODUCTION 

Modern non-invasive 3-D imaging techniques such as ultrasound, computed 

tomography (CT), magnetic resonance imaging (MRI) and confocal microscopy have 

been widely used to image living tissue. Optical coherence tomography (OCT) and 

optical coherence microscopy (OCM), are emerging non-invasive 3-D imaging 

techniques. OCT is analogous to B mode ultrasound, measuring the intensity of 

backscattered infrared light rather than sound waves. OCT and OCM are commonly 

based on a Michelson interferometer. OCT and OCM can provide depth-resolved 

images in highly scattering tissue with 1~15µm resolution and 2-3mm penetration 

depth. These techniques fill a niche between ultrasound and confocal microscopy, 

with higher resolution than ultrasound and greater depth of penetration than confocal 

microscopy. The comparison of different 3D imaging techniques has been listed in 

the Table 2-1. 

Method Image 
Resolution 

Imaging Depth Cost Comment 

Confocal 
Microscopy 

1µm 0.3 mm Low Non-contact 

OCT 2-20µm 2-3mm Low Non-contact 
Ultrasound 150µm 150 mm Low Contact 

MRI 1000µm Unlimited High Non-contact 
CT 1000µm Unlimited High Non-contact 

radiation 
Table 2-1, Imaging techniques comparison 
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As OCT is more and more widely used in biomedical applications, OCT 

technology itself is developing rapidly. Many high speed optical delay lines have 

been created to enable fast scanning for time domain OCT. These optical delay lines 

include rotating cubes [Su, 1997], piezo-acuated fiber stretchers [Gelikonov, 1996], 

resonant scanning mirror delay lines [Windecker, 1997] and Fourier-domain rapid 

scanning optical delay line [Rollins, 1998].  

Broadband light sources have been used for high resolution imaging. At 

present, the most widely used light sources are superluminescent diodes (SLD) 

[Shidlovski, 2004]. Sub 50 femtosecond pulselength Ti: sapphire lasers have been 

demonstrated in ultra-high resolution OCT systems, and can offer broader bandwidth 

and higher power [Drexler, 1999].  

Fourier-domain OCT [Fercher, 1995], can provide faster imaging speed or 

better signal to noise ratio (SNR) without moving parts in the reference arm. As an 

alternative to improve scanning speed, Parallel OCT [Bourquin, 2000, Ducros, 2002] 

employs smart pixel arrays to improve imaging speed.  

En-face priority scanning OCT combines OCT and microscopy technology is 

called OCM [Izatt, 1994, Hoeling, 2000]. High numerical aperture microscope 

objective is applied in sample to achieve much higher transverse resolution than 

traditional OCT system. 
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2.2 PRINCIPLE OF OCT 

A typical time domain OCT system is based on Michelson interferometry 

theory. OCT acquires image at different depth of sample by measuring the echo time 

delay and intensity of backscattered light. A typical fiber based time domain OCT 

system is shown in Figure 2.1. 

 

Figure 2.1, OCT system block diagram. BPF: Band Pass Filter. DAQ: Data Acquisition Board. PC: 

Personal Computer. 

The imaging light source is a broadband light source, which has a low coherence 

length. The light is transmitted through fiber and divided by a 2x2 fiber coupler into 

reference and sample beams, which may be focused by an optical lens system. There 

is a mirror in the reference arm and tissue in the sample arm. Light reflected from the 
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reference mirror and backscattered from the sample are combined by the fiber coupler 

and sent to the photo receiver.  When the reference arm mirror scans, interference 

fringes are achieved only when the pathlength difference between light reflected from 

the reference mirror and backscattered from a tissue scatterer lies within the 

coherence length of the light source. This scan is called an A-scan (axial scan, in the 

Z direction). The interference fringe shows up at the output of photo receiver and is 

basically an amplitude modulated (AM) signal superimposed on a large DC offset 

signal. A band pass filter (BPF) removes the DC offset as well as out-of-band noise. 

And a demodulator extracts the envelope of interference fringe and removes the high 

frequency carrier signal. Finally the signal is sampled by the DAQ board and 

displayed on the computer screen. 

To illustrate the imaging mechanism, Figure 2.2 shows a single A-scan of a 

simple tissue, which has two layers. n1 is the index of refraction of the first layer and 

n2 is the index of refraction of the second layer, which are different than the index of 

refraction of air n. In the sample, light backscatters only at the interface where the 

indices are not matched. As the mirror scans, the detector outputs two interference 

fringes, one at the air-tissue layer 1 interface and one at the tissue layer 1 � tissue 

layer 2 interface.  The interference fringes envelope is then demodulated to give the 

depth resolved image of the tissue. A three dimensional image can be acquired by 

scanning the sample arm probe beam across the sample surface in the X and Y 

directions. 
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Figure 2.2, OCT imaging mechanism 

The detector output signal is given by Bouma et al. [Bouma, 2002]. 















 ∆++=

2/
2cos2_det

λ
πη lPPPP

hv
ekoutputector SRSR   (2-1) 

Where RP  and SP  are the intensities of light backscattered from the reference 

and sample, η is the detector quantum efficiency, e is the electronic charge, hv is the 

photon energy and 0η is the intrinsic impedance of free space, l∆ is the pathlength 

difference between sample and reference, λ  is the light center wavelength and k is 

the transimpedance gain of the detector. In equation (2-1), [ ]SR PP
hv

ek +η is the 

combined DC signal from both reference arm and sample arm. The interferogram 
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SR is an amplitude modulated (AM) signal when the 

mirror scans at a constant speed. In this OCT system, the reference mirror scanning 

speed is mirrorV . The relationship between the interferogram signal carrier frequency 

cf and light center wavelength is: 

λ
mirror

c
Vf ⋅= 2         (2-2) 

The relationship between the interferogram signal bandwidth and the optical 

wavelength full width at half maximum (FWHM) bandwidth is:  

cff
λ
λ∆=∆         (2-3) 

The axial and lateral resolution in OCT system are decoupled. The axial 

resolution (depth resolution) is determined theoretically only by the coherence length 

and center wavelength of the imaging light source. The lateral resolution (transverse 

resolution) is determined by the sample arm optics (numerical aperture).  

When the light source has a gaussian shaped power spectrum, the axial 

resolution or coherence lengthis: 

λ
λ

π ∆
⋅==

2)2ln(2_
n

lresolutionAxial c      (2-4) 

where n is the index of refraction, λ is the center wavelength of the light 

source and ∆λ is the bandwidth of the light source. 

 



31 

The lateral resolution is defined as diameter of the beam waist of the focused 

probe beam [Brezinski, 1999]. The lateral resolution is:  

d
fresolutionLateral ⋅=

π
λ4_        (2-5) 

Where λ  is the center wavelength of the light, d  is the beam diameter on the 

objective lens and f  is the focal length of the objective lens. Therefore high 

transverse resolution can be obtained by using a large numerical aperture objective 

lens. 

2.3 OCM INTRODUCTION 

OCM is a special adaptation of OCT technology. Both OCT and OCM are 3D 

imaging technologies based on Michelson interferometry theory. The difference is 

that OCT normally employs relatively large depth of focus (low NA) optics in the 

sample arm to perform depth priority scanning, which results in low lateral image 

resolution. OCM is an en face priority scanning imaging technique with high 

numerical aperture sample arm optics, which allows for high lateral resolution three-

dimensional imaging, as given in equation (2-5). OCM can be thought of as the 

combination of OCT with high-numerical aperture reflectance confocal microscopy. 

While less prevalent than OCT, researchers have presented results using OCM to 

image botanical subjects [Medford, 2003, Hettinger, 2000, Reeves, 2002], skin 

[Hsiung, 2003], gastrointestinal tissues [Izatt, 1996] and embryos [Hoeling, 2000, 

Beaurepaire, 1999].  
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Fiber-based OCM systems have a unique problem - a slow phase drift of the 

coherence signal due to relative optical pathlength changes in the reference and 

sample arms of the interferometer. Temperature variation in the optical fibers is a 

major contributor to these pathlength changes. To desensitize the phase drift, a 

synchronized modulation and demodulation method for OCM is presented in chapter 

4.  

2.4 SUMMARY  

In this chapter, a brief overview of the current developmental status and 

applications of optical coherence technology is given. As additionally, the principle 

of the basic time domain OCT system is described. Some important specifications, 

such as axial resolution, lateral resolution, carrier frequency and signal bandwidth are 

discussed. In contrast to OCT, a short introduction to OCM theory of operation is 

provided, focusing on fiber based systems. Additional details on OCT and OCM are 

provided in the following two chapters. 
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CHAPTER 3: FAST OPTICAL COHERENCE TOMOGRAPHY 

SYSTEM WITH A DEMODULATING LOGRITHMIC 

AMPLIFIER 

3.1 ABSTRACT 

A demodulating logarithmic amplifier was developed for a fast-scanning, time 

domain optical coherence tomography (OCT) system. Fast scanning was enabled by a 

rapid scanning optical delay line (RSOD). The RSOD was able to scan up to 1600 A-

scan/second, an order of magnitude faster than galvanometer-mounted mirror OCT 

systems. A high power light source with 13.5mW power and 50 nm spectral width 

was used to provide sufficient power to maintain signal to noise ratio while 

performing high speed scanning. An interferometer based on a 90/10 coupler and an 

optical circulator (OC) reduced the optical power loss. A logarithmic amplifier (Log 

amp)-based demodulating circuit was used to extract the logarithmic compressed 

signal envelope. The Log amp enabled a high dynamic range of 100dB. This system 

has been used for a variety of applications; example images taken during a clinical 

study of skin pre-cancer are given. 

3.2 FAST OCT INTRODUCTION 

OCT provides depth resolved imaging capability with micrometer resolution 

and high dynamic range (>100 dB). OCT can provide clinicians with near-
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histological resolution imaging of sub-surface tissue morphology, so it may be used 

to aid in biopsy site selection and may under some circumstances enable a non-

invasive diagnosis. In order to be appealing for in situ diagnostics, OCT must provide 

near real-time imaging. High speed, high dynamic range imaging necessitate a high 

speed optical modulation scheme as well a high dynamic range demodulator to 

faithfully extract the modulated signal envelope. Additionally, a high power wide 

bandwidth infrared light source is also necessary to provide adequate illumination for 

rapid imaging.  

The most common implementation of the reference arm delay line in time 

domain OCT systems is a galvanometer-based translating retroreflector system [Izatt, 

1996]. This type of delay line can scan at a maximum of tens or hundreds of cycles 

per second. For reasonably continuous imaging, at least 4 images per second are 

required. Because each cycle of the delay line generates one or two a-scans (image 

columns), hundreds to thousands of delay line cycles per second are needed. Clearly, 

a faster delay line is needed.  

Some faster delay lines have recently been implemented in OCT systems. A 

rotating cube [Su, 1997] has achieved up to 384 scans per second; A piezoelectric-

actuated fiber stretchers [Gelikonov, 1996] can scan up to 600 Hz; A high speed 

resonant scanning mirror delay line [Windecker, 1997] has achieved 3 mm scan 

lengths at 1200 Hz. Other rapid scanning delay lines have been developed for rotating 

mirrors [Yasa, 1981], rotating roof prisms [Harde, 1981], and loudspeakers [Sala, 
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1980]. These techniques, although having improved scanning speed, are either not 

fast enough or suffer from low duty cycle and non-linearity. 

The delay line implemented in the fast OCT system was originally designed 

for femtosecond pulse measurement [Weiner, 1990]. It has been applied to OCT 

[Tearney, 1997b, Tearney, 1997c, Rollins, 1998]. This delay line has achieved several 

millimeters scanning depth at repetition rates of several kilohertz, and also allows 

separation of group and phase delay, which provides an additional degree of control 

over the center frequency and bandwidth of the OCT signal. 

The block diagram of our fast OCT system is shown in Figure 3.1. In the 

diagram, single mode fiber is shown in yellow, free-space propagation of the infrared 

beam in red, electrical signal in solid black and scanner control signals in dashed blue 

line. The various components of the optical coherence microscope system can be 

categorized into four groups: the light sources, the reference arm, the sample arm and 

the signal detection & processing.  Each group will be described in detail. 



36 

 

Figure 3.1, Fast OCT system block diagram. OC: Optical Circulator, RSOD: Rapid Scanning Optical 

Delay-line, DAQ: Data Acquisition Board. 

3.2.1 The Interferometer 

The fast OCT interferometer is composed of two light sources, reference arm, 

a sample arm and three fiber optical components.  

 

♦  Light sources 

There are two light sources: a high power broadband infrared light source 

(Broadlighter 1300, Superlum diodes Ltd., Russia) and a red diode laser (LPS-3224-

635-FC, Thorlabs, Newtown, NJ).  

The imaging light source is Broadlighter 1300, which is centered at 

nm1295=λ with 97.8 nm full width at half maximum (FWHM) bandwidth and 
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4.7mW optical power to provide a theoretical axial resolution of about 7.6 µm. The 

red diode laser has a visible 635 nm center wavelength. It is used as aiming beam. 

Since the 1300-nm infrared superluminescent diode (SLD) light source is invisible to 

the human eye, the red beam assists the operator in positioning the sample.  

 

♦  Sample arm 

The sample arm consists of a collimator, a scanning galvanometer-mounted 

mirror and a final focusing lens. Light from the fiber output is collimated using an OZ 

Optics receptacle style fiber collimator (HPUCO-23A-1300-S-11AS, OZ optics, 

Ottawa, Canada,) to an approximately 3mm diameter beam. The galvanometer 

(Model 6230, Cambridge Technology, Cambridge, MA), with a 10 mm mirror 

attached, scans the collimated beam in the X direction across the back of the final 

focusing lens. The final lens focuses the light to a point generally positioned a few 

hundred microns beneath the tissue surface. The final lens is selected based on the 

spot size and depth of focus desired (generally between 25 and 50 mm focal length). 

The backscattered light from the sample is collected by the lens and transmitted back 

through the sample arm optical configuration to fiber. 

 

♦  Reference arm 

While a galvanometer-based translating retroreflector introduces a time delay 

in the reference arm by bulk movement of the mirror, the fast OCT reference arm 
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employs a Fourier domain rapid scanning optical delay line. Details are described in 

the next major section. 

 

♦  Fiber optical components 

The SLD light source is coupled to a custom designed optical circulator (OC) 

(O/E Land Inc., Quebec, Canada) port one. As indicated in Figure 3.1, the OC 

transmits light input from port one to port two. Light input from port two is 

transmitted to port three. The transmission loss and insertion loss is a few tenths of a 

dB. OC port 2 is coupled to a Wavelength Division Multiplexer (WDM) (40-20300-

31-2560, Gould Fiber Optics, Millersville, MD), where the light from the near-

infrared SLD source is combined with the red aiming beam. The WDM output is 

coupled to a 90/10 coupler (WP13100202B2021, AC Photonics Inc., Santa Clara, 

CA). The 90/10 coupler transmits 90 percent of the light to the sample and 10 percent 

to the reference arm. Most of the light is sent to the sample, because of the typically 

very weak reflected signal from biological samples.  Light power reflected from the 

reference arm in excess of the amount reflected from the sample will introduce extra 

noise. Even with the 90/10 coupler, typically a neutral density filter needs to be 

introduced into the reference arm to further attenuate the reference reflection. The 

light reflected back from both arms is combined and 90 percent of the light is 

transmitted to the coupler left upper arm which is connected to the OC port two. The 

OC directs this light to port three, which is directed to the detector. 
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This arrangement has a better sample arm signal collection efficiency than the 

typical interferometer setup with a 50/50 coupler depicted in Figure 2.1. Assuming no 

other losses, and a sample arm reflectivity of 1, for this setup, 90% of light is sent to 

the sample arm and 90% of the sample arm reflected light is sent to the detector, so 

the power efficiency is %81%90%90 =× . While for the 50/50 coupler, the efficiency 

is %25%50%50 =× . Therefore this setup has 3.24 times of efficiency than typical 

arrangement. 

 

♦  Signal detection and processing 

The photo detector converts the optical interferogram into a voltage signal, 

which is superimposed on a large DC voltage.  A BPF is used to remove the DC 

voltage as well as noise outside of the signal bandwidth. After the BPF, the Log amp 

is used to demodulate the logarithmic envelope of the interferogram. Then a low pass 

filter (LPF) further removes noise and attenuates voltage ripples generated by the Log 

amp. Finally the demodulated signal is sampled by a DAQ board (PCI-6070E, 

National Instruments, Austin, TX) installed in the computer and displayed on the 

screen. The signal processing portion of the system is described in greater detail in a 

subsequent section. 
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3.3 THE RAPID SCANNING OPTICAL DELAY-LINE (RSOD) 

The RSOD theory is explained in Rollins et al. [Rollins, 1998], and is summarized below. 

 

Figure 3.2, Schematic of the rapid scanning optical delay-line [Rollins, 1998] 

The schematic of the RSOD is shown in Figure 3.2. The incident infrared 

SLD light is collimated then spectrally dispersed by the grating. The lens focuses the 

dispersed beam onto the scanning mirror, which is mounted to a galvanometer. As 

indicated in Figure 3.2, the scanning mirror has an angle of σ  and a vertical 

displacement of x  relative to the center of the collimated beam. The scanning mirror 

imposes a linear phase ramp on the spectrum and redirects the light back through the 

lens, which redirects the beam onto the grating. Then the beam is diffracted back 

from the grating and propagates to the double-pass mirror parallel to the incident 
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beam. The double-pass mirror is accurately aligned to be perpendicular to the beam, 

so the beam retraces its path, finally being recaptured by the collimator. 

As mentioned, the scanning mirror introduces a linear phase ramp on the 

beam spectrum. The delay line can be considered as a linear phase delay in the 

frequency domain, which corresponds to a group delay in the time domain. This 

theory is based on the well known Fourier transform.  

( ) 0))(( 0
tjeXttxF ωω −⇔−    (3-1) 

Assume that when the scanning mirror is vertical, the phase delay is 0o. When 

the mirror tilts by σ degrees, the path difference can be calculated by pure geometric 

analysis 
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Where fl is the focal length of the lens, p  is the pitch of the grating and 0λ is 

the center wavelength. This is based on the assumption that beam has a small angle 

diffraction, ie. θθ =)sin( .Then the phase delay can be calculated by multiplying this 

expression by λπ /2  

  So 
( )
λ

λλσπ
λ

σπ
λ
πλφ

p
lxl f 0882)(

−
+⋅=⋅∆=    (3-3) 

By substituting 
ω
πλ c2= into the equation (3-3), the phase delay can be 

represented by angular optical frequency ω  
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The phase delay of light and the carrier frequency of electrical signal can be 

calculated by combining equation (3-4) and the phase delay equation ( ) 00 /ωωφφ =t . 

giving a phase delay of: 
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This phase delay corresponds to the free space phase length difference φl∆ : 

σφ xl 4=∆      (3-6) 

Therefore the carrier frequency of the interferogram should be: 
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Where φV is called the phase velocity. 

Calculating the group delay of the light and the bandwidth of electrical signal 

according to equation (3-4) and the definition of group delay, ( )
0

/ ωωωωφ =∂=gt , the 

phase delay should be: 
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This phase delay corresponds to the free space phase length difference gl∆ : 
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And bandwidth of the interferogram should be: 
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Where f∆ is the electrical frequency bandwidth, v∆ is the optical source 

frequency bandwidth and gV is called the group velocity. In equation (3-10), the 

second term is much larger than the first term so the bandwidth can further simplified 

as: 
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When the mirror scanning rate 
t∂

∂σ is fixed, the signal bandwidth f∆ is fixed. 

However, from equation (3-7), it can be seen that the carrier frequency can be 

adjusted by varying the scanning mirror displacement x . This property enables the 

freedom to select an appropriate carrier frequency for the demodulation analog signal 

processing (ASP) electronics.  In the fast OCT, the signal bandwidth is about 20 KHz 

with 200 A-scan per second and 2mm scanning depth. The carrier frequency is 

selected to be 40 KHz.  

The major disadvantage of the RSOD compared to the translating 

retroreflector is the difficulty of alignment. The detailed alignment procedure is 

attached in Appendix A. 

3.4 LOG AMP BASED DEMODULATOR 

OCT images typically have dynamic range of 60-72dB, which is greater than 

the intensity range of most displays and displeasing to the human eye. Because 
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backscattered light from the tissues is exponentially attenuated as a function of depth, 

logarithmic compression achieves a natural appearance. In many OCT systems, this 

compression is applied by the computer before displaying the image on the screen.  

In this fast OCT system, instead of applying software logarithmic 

compression, a Log amp is used to do the compression right after the BPF. The 

logarithm function is sub-linear, which means weak signals have greater 

amplification than strong signals. Thus, after the Log amp, a weak signal is less 

sensitive to the noise introduced in the subsequent LPF and computer data acquisition 

stage. 

 

3.4.1 Log Amp Introduction 

In general, a Log amp is not used to amplify or demodulate, but to compress a 

signal of wide dynamic range to its decibel equivalent. The Log amp recovers the log 

of the envelope of a signal in a process similar to that of demodulating AM signals. 

A simplified diagram of the core of the Log amp (AD8310, Analog Devices 

Inc., Norwood, MA) used in the fast OCT system is shown in Figure 3.3. This 

architecture is called successive-detection logarithmic amplifier [Hughes, 1986]. With 

this architecture, a piecewise-linear approximation to the log function is realized. To 

be more specific, the output DC voltage is the log function of the input AC envelope. 
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Figure 3.3, AD8310 logarithmic amplifier core block diagram 

The simplified block diagram of an AD8310 is a cascaded chain of limiting 

amplifiers [Khorram, 1995]. For simplicity a five limiting amplifier chain is shown. 

Each limiting amplifier has a linear gain of 20 dB with a voltage range limited to +/-

1V. Imagine a small sine wave being fed into the first amplifier in the chain. The first 

limiting amplifier will amplify the signal by a factor of 10 before it is applied to the 

second amplifier. As the signal passes through each subsequent stage, it is amplified 

by an additional 20 dB. By the output of the third gain stage, the signal is limited to 

+/-1V. The limited signal continues down the signal chain, maintaining its amplitude 

as it goes. The signal at the output of each limiting amplifier is also fed into a full 

wave rectifier (marked Det in Figure 3.3). The outputs of these rectifiers are summed 

together and the summer�s output is applied to a low-pass filter to remove the ripple 

of the rectified signal.  
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A typical piecewise linear log function is shown in Figure 3.4. When Vout is 0 

to 1 V, and all limiting amplifiers are working in the linear region, the Vout gain is 

about 100dB. When Vout is 1 to 2 V, the last limiting amplifier stage is clipping, so 

Vout gain is about 80dB. So on and so forth, the Log amp slope decreases as more 

limiting amplifier stages clip. Finally, the Vout saturates when all limiting amplifiers 

clip. 

 

Figure 3.4, Piecewise linear approximation to the log function 

 

3.4.2 Slope and Intercept Voltage for Log Amp 

Log amps implicitly require two references: slope and intercept voltage. As 

represented by the black solid line in Figure 3.5, the general form of the Log amp 

equation is ( )XinYout VVVV /log= , where YV is the slope (Volt per 20dB) and XV  is the 

intercept voltage, which corresponds to Vin voltage when Vout=0. Both XV  and 

YV determine the scaling of the Log amp output. 
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Figure 3.5, General form of the logarithmic amplifier [AD8310, 2003] 

 

The AD8310 datasheet gives the measured output versus input curves at 

different frequencies, which are shown in Figure 3.6. This figure shows that default 

intercept voltage is -108dBV, thus VVX µ410 20108 == − . The default slope is 

0.024V/dB, thus dBVVY /48.0024.020 =×=   
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Figure 3.6, Measured AD8310 output vs. input level at 10MHz, 50MHz and 100MHz 

It is also possible to modify the slope and intercept voltage and thus change 

the output voltage range for each decibel of input change. In the fast OCT application, 

the intercept voltage should be set at the same level or a little below the noise floor, 

So that only the signal above the noise floor appears at the Log amp output. The slope 

needs to be increased to map the input signal range to the full range of output voltage 

swing.  

 

♦  Slope adjustment 

The slope may easily be raised by adding a resistor from pin VOUT to BFIN, 

as shown in Figure 3.7. This alters the gain of the output buffer, by means of stable 
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positive feedback, from its normal value of 4 to an effective value that may be as high 

as 16, corresponding to a slope of 100 mV/dB. The resistor slopeR  is set according to 

the equation. The slope can be further increased by adding a gain stage at the Log 

amp output. The total slope is the multiplication of the gain and the Log amp slope. 

 

Figure 3.7, AD8310 slope adjustment schematic 

As shown in Figure 3.7, The Log amp core output is a controlled current 

source, which is 2uA per decibel of VIN signal. With BFIN pin floating, the current 

signal is converted to voltage by R3 and then amplified, which gives a default slope 

of 24mV/dB. When slopeR  is connected between BFIN and VOUT pins, two equations 

needs to be solved. 

outa V
R

RRV =+⋅
1

21       (3-12) 

slope
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      (3-13) 
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Combining the two equations and solving for Vout provides the adjusted Log 

amp slope: 

slopeR
K

dBmVSLOPE Ω−
= 91

/24       (3-14)  

slope
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K

dBVSLOPEV Ω−
=⋅= 91

/48.020_     (3-15) 

♦  Intercept voltage adjustment  

The intercept voltage XV  can be adjusted by connecting a resistor from pin 

BFIN to an external reference voltage (-5V), as shown in Figure 3.8. 

 

Figure 3.8, AD8310 intercept voltage adjustment schematic 

XV  is the input voltage level when Vout=0. Thus Va is 0V, and int/5 RIa = . So: 

( )int8/1
_ 10 RA

XadjX VV ⋅×= µ
    (3-16) 
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3.4.3 Fast OCT Demodulator 

The fast OCT signal detection and processing shown in Figure 3.1 has been 

redrawn in Figure 3.9 with more details. The black arrows indicate the electrical 

signal flow and the red arrow is the infrared beam that carries the OCT interferogram. 

The photoreceiver (V500, Optiphase Inc., Van Nuys, CA) converts the optical signal 

into a voltage signal. The BPF is implemented with two channels of a programmable 

filter (3945, Krohn-Hite Corporation, Brockton, MA).  The channel 2.1 of 3945 is set 

as a LPF with 24dB/octave attenuation slope and 65 KHz corner frequency. The 

channel 1.2 of 3945 is set as a high pass filter (HPF) with 24dB/octave attenuation 

slope and 15 KHz corner frequency. The Log amp is configured to have a variable 

intercept voltage. The slope of the Logarithmic function is adjusted by the Gain stage, 

which amplifies the signal to fill the range of DAQ board.  

PC

DAQ
 

Figure 3.9, Fast OCT detector and demodulator block diagram 
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The standard operation procedure of the fast OCT is attached in Appendix B. 

It describes the details of system turn-on/ turn-off, setting scanning parameters, 

setting up the detector and programmable filter, and acquiring/ saving images. 

 

3.4.4 The Fast OCT System 

 

Figure 3.10, The fast OCT system with hand hold OCT probe 
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The fast OCT system is shown in Figure 3.10. The system is placed in a metal 

rack. The rack is placed on a heavy-duty instrument card enabling portability. The 

sample arm is made detachable, and different sample arms can be plugged in for 

different applications. The figure shows one type of handheld OCT probe.  

 

3.5 FAST OCT APPLICATION AND DISCUSSION 

3.5.1 Fast OCT for Skin Study 

The fast OCT has been extensively used for a clinical skin study. A pilot study 

has been reported by our group [Barton, 2003], indicating that OCT images have 

significant differences in the layer thicknesses and backscattered intensity of normal 

skin compared to the pre-cancerous condition actinic keratosis (AK). The goal of 

these studies is to determine if OCT can provide a non-invasive method to assessing 

chemopreventative or chemotherapeutic agent efficacy in skin.  

 

Figure 3.11, Example image of normal skin. S = stratum corneum, E = epidermis, D = dermis, F = 

subcutaneous fat. Bar = 500 µm. 
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An image of upper inner arm skin of a 73 year old female is shown in Figure 

3.11. This part of skin is considered normal, since it�s rarely exposed to the sun.  

 

Figure 3.12, Example image of sun damaged skin. Symbols defined in Figure 3.11  

Compare to the normal skin, the stratum corneum and epidermis of sun 

damaged skin appear to be thicker, and the dermis is less distinct, than the upper inner 

arm skin shown in the previous figure. 

 

Figure 3.13, Example image of a rough AK in the center part. 

The surface of the skin with AK is seen to be uneven, with skin flakes (arrow) 

that caused bright reflections and some shadowing (vertical streaks). The skin layers 
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become extremely irregular. These images demonstrate the utility and fine image 

quality of the fast OCT system with Log amp demodulation. 

3.5.2 Axial Resolution Calculation and Measurement 

For the time domain OCT system based on lock-in amplifier (LIA) 

demodulation scheme, the axial resolution, FWHM of the point spread function (PSF) 

is measured by the computer, prior to applying the logarithmic compression. 

However, for the fast OCT system, the logarithmic compression is performed before 

data are acquired by the computer, and FWHM cannot be measured with logged data. 

Thus for the purpose of measuring FWHM, the computer needs to perform the 

inverse logarithmic transform to retrieve the original PSF, Then the inverse 

logarithmic transform equation is: 

adjY

out

V
V

adjXin VV _10_ ⋅=       (3-17) 

Where adjXV _ is the adjusted intercept voltage, adjYV _ is the adjusted slope. 

adjXV _  can be calculated by measuring intR and substituting it into the equation (3-16). 

The measured Ω= KR 60int  and the calculated mVV adjX 5.0_ = . The slope adjustment 

resistor is not used, so the Log amp slope is still 0.48uV per 20dB. Since the gain 

stage has a measured gain of 5. 4.248.05_ =×=adjYV . 

The final equation for inverse logarithmic transform is  

4.2100005.0
outV

inV ×= .      (3-18) 
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The computer sampled A-scan data with a single reflector is processed using 

(3-18) to measure the axial resolution, which is 9µm. According to the axial 

resolution equation (2-1) the theoretical axial resolution is 7.6µm based on the SLD 

source with 1295nm center wavelength and 97.8nm bandwidth. This amount of 

degradation in measured axial resolution is reasonable, and may be the result of non-

Gaussian SLD power spectrum, non-perfect optical alignment, imperfect dispersion 

compensation and/or limited electronic circuit bandwidth within the detector or filter 

box. 

3.5.3 Dynamic Range Measurement 

The dynamic range was measured using the system configuration of 200 A-

scans per second (refer to Appendix A). A mirror is put in the sample arm and the 

detector gain adjusted until the output signal is barely saturated. This configuration 

represents the maximum detectable signal. Then neutral density (ND) filters were 

added into the sample arm until the mirror image becomes indistinguishable from the 

noise background, which represents the weakest detectable signal.  The dynamic 

range was then calculated as 20*ND, which determines the ratio between the 

strongest signal and the weakest signal in decibel level.  

The measured overall dynamic range for the fast OCT system is 106 dB. 

3.6 CONCLUSION 

A demodulating logarithmic amplifier ASP was developed for a fast OCT 

system with a rapid scanning optical delay line. This system can acquire images as 
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fast as 1600 A-scan per second. A dynamic range of 106 dB was measured at a 

scanning speed of 200 A-scan per second. The system resolution was measured to be 

9µm with Broadlighter 1300 SLD light source, which is not much greater than the 

theoretical best-achievable resolution, indicating that the demodulation electronics do 

not introduce significant bandwidth loss or distortion. The system has been 

successfully applied to several studies including a published study of skin pre-cancer.  
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CHAPTER 4: FIBER BASED OPTICAL COHERENCE 

MICROSCOPY SIGNAL MODULATION AND 

DEMODULATION DESIGN 

4.1 ABSTRACT 

Optical Coherence Microscopy (OCM) is an interferometric method for 

acquiring high resolution, depth-resolved, en face images. A high power operational 

amplifier drives a mirrored piezoelectric stack mounted in the reference arm of the 

interferometer causing a displacement equal to 0.42 times the light source center 

wavelength. The drive signal is synchronized with the demodulation frequency of two 

analog lock-in amplifiers which extract the first and second harmonics of the 

interferometric component of the signal. Four outputs (in phase and quadrature 

components of first and second harmonics) are acquired with a data acquisition board 

and combined to eliminate the slow phase drift in the interferometer. Sample images 

of biological subjects are presented. High dynamic range images are obtained at 

acquisition speeds up to 45,000 pixels/second. 

 

4.2 INTRODUCTION 

Optical coherence tomography (OCT) and optical coherence microscopy 

(OCM) are non-invasive biomedical imaging techniques based on Michelson 
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interferometry theory. Both techniques can provide depth-resolved images in highly 

scattering tissue up to a depth of approximately 2mm. OCT normally employs 

relatively large depth of focus optics in the sample arm to perform depth priority 

scanning, which results in low lateral image resolution (10 to 20 µm). OCM is an en 

face priority scanning imaging technique with high numerical aperture sample arm 

optics, which allows for high lateral resolution (1 to 10 µm) three-dimensional 

imaging. In both methods, axial resolution is a function of the source coherence 

length and generally ranges from 2-20 µm. Researchers have presented results using 

OCM to image botanical subjects[Medford, 2003, Hettinger, 2000, Reeves, 2002], 

skin[Hsiung, 2003], gastrointestinal tissues[Izatt, 1996]  and embryos[Hoeling, 2000, 

Beaurepaire, 1999]. 

Unlike open beam OCM systems[Dubois, 2004], fiber-based OCM systems 

have a unique problem - a slow phase drift of the coherence signal due to relative 

optical pathlength changes in the reference and sample arms of the interferometer. 

Temperature variation in the optical fibers is a major contributor to these pathlength 

changes. This chapter demonstrates a synchronized modulation and demodulation 

method, which is insensitive to the phase drift. This method is low-cost, real-time, 

and provides excellent image quality.  

4.3 OCM SYSTEM 

The block diagram of our OCM system is shown in Figure 4.1. The general 

optical design of the OCM is similar to one previously presented [Hoeling, 2000]. In 
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the diagram, single mode fiber is shown in yellow, free-space propagation of the 

infrared beam in red, electrical signal in solid black and scanner control signals in 

dashed blue. The various components of the optical coherence microscope system can 

be categorized into four groups: the light sources, the reference arm, the sample arm, 

and the signal detection & processing.  Each group will be described in detail. 

 

Figure 4.1, Block diagram of the OCM system. P: polarization adjustment paddles, DC: dispersion 

compensation prisms, ND: neutral density filter, MO: microscope objective, SLD: Superluminescent Diode, 

WDM: wavelength division multiplexer, PC: personal computer 
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4.3.1 The Light Sources 

The optical coherence microscope includes two light sources: a super-

luminescent diode (SLD) and a red diode laser.  

The SLD serves as the imaging light source for the OCM. The source is 

centered at nm840=λ  with 48 nm full width at half maximum (FWHM) bandwidth 

and 7mW optical power (SLD-371-HP-DIL-SM-PD, Superlum Diodes Ltd., Russia). 

Because the axial point spread function (PSF) of the system is the Fourier transform 

of the source power spectrum, ideally the spectral power density should have a 

Gaussian profile. In our case, the spectrum was nearly Gaussian as shown in Figure 

4.22. Based on a Gaussian spectrum, the theoretical axial resolution of the optical 

coherence microscope is 6.5-µm in air and approximately 4.5-µm in the sample 

(assuming an index of refraction (n) of 1.4).  The axial resolution corresponds to the 

Z direction in Figure 4.1.    

The second light source, a 635 nm diode aiming beam (LPS-3224-635-FC, 

Thorlabs, Newtown, NJ), is used as aiming beam. Since the 840-nm infrared SLD 

light source is invisible to the human eye, having a visible red laser assists the 

operator in positioning the sample under the microscope objective.  

The aiming beam is combined with the imaging SLD source using a custom 

wavelength division multiplexer (WDM) (Custom part, Gould Fiber Optics, 

Millersville, MD). The light is delivered to one input arm of a two-by-two coupler 

(WP83500202C3221, AC Photonics, Santa Clara, CA). The coupler directs half of 

the light intensity to the reference arm and the other half to the sample arm.   
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4.3.2 The Sample Arm 

In the sample arm, light from the fiber is collimated using a receptacle style 

fiber collimator (HPUCO-23A-1300-S-11AS, OZ optics, Ottawa, Canada). The 

collimated light travels to a set of two scanning galvometers (Model 6230, Cambridge 

Technology, Cambridge, MA). Each galvo corresponds to a direction in the en face 

(X-Y) image plane as shown in Figure 4.2. Mounted in right angle, the galvo with the 

larger mirror causes displacements in the X-direction (front to back) where as the 

galvo with the smaller mirror directs the light in the Y-direction (left to right).  The 

galvos are controlled by two servo boards (MicroMax Series 671, Cambridge 

Technology, Cambridge, MA) which accept the scanning signal from computer.  

 

Figure 4.2, The sample arm setup 
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After the two galvanometer-mounted scanning mirrors, the light enters an 

infinity-corrected microscope objective, which focuses the light onto the sample. A 

family of objectives (NT46-144, NT46-145, Mitutoyo, Japan) were selected, although 

any infinity-corrected microscope objective could be used, to provide a variety of 

resolutions and fields of view. The 10X objective provides 8µm lateral resolution and 

3.2mm x 3.2mm field of view. (Additional details are provided in the test section 4.8) 

The lateral resolution represents the diameter at the beam waist with 2/1 e of peak 

irradiance. The Mitutoyo objectives chosen provided a very large working distance 

(approximately 20mm at 20x), which was convenient for imaging living samples. 

The sample is placed on a computer-controlled vertical translation stage. The 

movement of the vertical stage allows imaging at various depths in the sample. 

Because axial (Z direction) movement of the sample changes the distance the beam 

propagates in the tissue relative to air, the sample arm focus point and coherence gate 

(position equals to the reference arm pathlength) become misaligned. As the sample 

is moved closer to the objective, the light focuses more slowly in the higher index of 

refraction (n) sample, thus the focus moves deeper into the sample than expected 

based on the amount of Z direction movement. As shown in Figure 4.3, on the left 

side, the beam is focused on the surface of the sample. On the right side, the sample is 

moved up for a distance of d1. The beam is focused at d2 distance beneath the surface. 

According to the Snell�s law:  
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θ        (4-1) 
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Where x is the beam radius on the sample surface, n is the sample index of 

refraction, 1θ and 2θ are the angles from the normal of the incident and refracted light 

respectively. So the coherence gate displacement is: 

( ) ( ) 1
2

1
2

112 1 dndndndnd −=−=−      (4-2) 

 

Figure 4.3, Alignment of focus point and coherence gate 

According to equation (4-2), when the sample moves 1d  distance closer to the 

lens, the reference arm needs to increase pathlength ( ) 1
2 1 dn − longer to maintain 

alignment of the coherence gate at the focus point.  

 

4.3.3 The Reference Arm 

In the reference arm, fiber polarization adjustment paddles are use to match 

polarization states in the sample and reference arms and maximize fringe visibility. A 

BK7 prism pair corrects for second order dispersion of the sample arm objective. To 
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maximize the system dynamic range, a 0.6 neutral density (ND) filter is selected 

empirically to reduce the reflected reference arm power to an amount comparable to 

the total power reflected from the sample arm [Sorin, 1992]. The light is focused onto 

a small lightweight mirror glued on a piezo stack [AE0203D04, Thorlabs, Newton, 

NJ].  

The piezo drive signal is generated by OCM electronics, as described more 

fully in section 4.5. To achieve modulation, the piezo stack is driven by sinusoidal 

signal at its resonance frequency (120 kHz). The piezo stack has the maximum input 

impedance at the resonant frequency [Hoeling, 2001], which is coincident with the 

maximum piezo displacement per volt. A peak to peak driving voltage signal of 

approximately 7 volts corresponds to displacement of 352nm=0.42λ. At this 

oscillation magnitude, the sum of first two harmonics power of the coherence fringe 

signal is insensitive to interferometer phase drift [Hoeling, 2000]. The square root of 

this sum of harmonic powers is the fringe amplitude. The reference arm physical 

setup is shown in Figure 4.4. 

 



66 

Figure 4.4, The reference arm setup 

4.3.4 Signal Detection and Processing  

The backscattered light from the sample arm and reflected light from the 

reference arm return to the two-by-two coupler where half of the combined light 

intensity is sent to the detector (2001-FC, New Focus, San Jose, CA), and half is lost 

back into the source. The detector includes high and low pass filters, which remove 

the DC offset as well as mitigate higher frequency of noise.  

The output of the detector is fed into the OCM electronics, which are 

packaged in an aluminum box as shown in Figure 4.5.  OCM signal demodulator 

extracts four channel signals. The four channels are acquired by the personal 

computer using a Data Acquisition (DAQ) board (PCI-6071E, National Instruments, 

Austin, TX). The signal intensity is calculated and logarithmically compressed by the 

computer, which then converts the signal to image format and display the en face 

image. More details follow. 

 

Figure 4.5, OCM piezo driver and signal demodulator electronics 
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4.4 OCM DEMODULATION SCHEME  

As described in [Hoeling, 2000], the coherence fringe of the interferometer 

output given in terms of photocurrent is 

( )Φ+⋅⋅= tII oout 0sincos ωα      (6-1) 

Where oI is the peak coherence intensity, t  is the time variable, Φ is the phase 

drift due to temperature variation, and α is related to the piezo displacement 

amplitude d  as λπα /2 d= .  

Figure 4.6 shows how the coherence fringe is phase dependent. Figure 4.6a 

shows the piezo displacement as it is driven by a sinusoidal waveform tdo ωsin . In 

this simulation, the peak to peak displacement is nm21025.0 =λ in the simulation. 

Figure 4.6b shows the coherence waveform when the sample and reference beam 

have 0o phase difference whereas Figure 4.6c shows the waveform with a phase 

difference of 90o. Both the fundamental frequency and peak amplitude varies greatly 

with the phase change. Because normal AM demodulation schemes are very sensitive 

to this phase variation, they cannot be used for fiber-based OCM applications. A 

phase insensitive detection scheme was suggested [Chinn, 1993, Izatt, 1996, Hoeling, 

2000] to remove the fiber phase instability by combining 1st and 2nd harmonic 

electronic signal powers with reference mirror oscillation amplitude equal to λ42.0  

i.e. 63.2=α . 
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Figure 4.6, Phase dependence of coherence fringe signal 

To implement this novel demodulation scheme, various methods of obtaining 

first and second harmonic power have been described [Medford, 2003, Hoeling, 2000, 

Driscoll, 2001]. One technique uses band pass filters centered at the first and second 

harmonics, followed by RMS power meters [Medford, 2003, Hoeling, 2000]. The low 

dynamic range and slow speed of the RMS meters, and the difficulty separating the 

first and second harmonics with band pass filters limits the capability of this method 

to produce high speed, high dynamic range images. 

A Digital Signal Processing (DSP) method has also been implemented 

[Driscoll, 2001]. The detector interferometric signal is sampled at a very fast rate (at 

least 8 times the piezo modulation frequency) and the first and second harmonic 

electronic signal powers are digitally calculated. While this method can enable rapid, 
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high dynamic range imaging, a typical DSP implementation is an order of magnitude 

more expensive than the solution presented in this chapter.  

The next section describes a novel customized analog signal processing (ASP) 

method for extracting 1st and 2nd harmonic in-phase and quadrature amplitude. 

 

4.5 PROPOSED OCM DEMODULATOR  

The lock-in amplifier (LIA) is widely used for demodulation since it is 

capable of recovering weak signals in the presence of an overwhelming noise 

background. Therefore, this technology is considered to be ideal for extracting the 

OCM signals with high dynamic range. The overall block diagram of the novel LIA 

based phase insensitive analog demodulation scheme is shown in Figure 4.7 . 

 

Figure 4.7, OCM signal demodulator  

The detector output is simultaneously fed into both lock-in amplifiers. LIA #1 

has a 120 KHz reference signal. It extracts the first harmonic (120 KHz) in-phase 
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component X1 and quadrature component Y1. Similarly, the second harmonic in-

phase and quadrature components are extracted by LIA #2. 1X , 1Y , 2X  and 2Y  are 

connected directly to a data acquisition board and the computer processes the fringe 

amplitude digitally as 2
2

2
2

2
1

2
1 YXYX +++ . In our implementation, an analog square 

function is not performed to avoid decreasing the dynamic range of the signal, since a 

squared weak analog signal easily can be buried by noise (for example, squaring a 10 

mV signal results in 100 µV, which is much lower than our noise floor of 2 mV). The 

12 bit data acquisition board limits the dynamic range of any single OCM image to 72 

dB. However, the strongest signal expected when tissue imaging is approximately -

30dB (which corresponds the specular reflection at an air-tissue boundary) so the 

DAQ board does not limit our ability to measure signals as weak as -100dB. 

4.6 SIMULATION 

The SIMULINK toolbox in MATLAB has been used to verify the feasibility 

of this demodulation scheme. In Figure 4.8, two lock-in amplifier blocks, one photo 

detector block and one computer block are modeled by SIMULINK.  
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Figure 4.8, OCM demodulator SIMULINK schematic diagram 

As shown on the left side of Figure 4.8, the simulated photo detector provides 

the coherence fringe signal ( )Φ+⋅⋅= tAmplitudeuf 0sincos)( ωα . The central 

modules contain a simulation of two lock-in amplifiers. Finally the simulated 

computer performs the calculation 2
2

2
2

2
1

2
1 YXYX +++ . 

 

4.6.1 Demodulation Feasibility Simulation 

A simulation was first performed to determine the effect of various piezo 

displacements d. For both images in Figure 4.9, the top waveform is the phase signal 

Φ in equation (6-1). A linear phase change is applied in the simulation, which would 

physically correspond to a constant-rate fiber expansion with temperature change. 
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The middle waveform is the coherence intensity oI  . In this simulation, the coherence 

intensity jumps from one steady state to another as the X-Y mirrors scan across the 

sample. The bottom waveform is the simulated demodulated signal. 

 

 

Figure 4.9, (a) when λ42.0=d , the output signal can follow input though the phase drifts; (b) 

when λ3.0=d output signal is sensitive to phase drift. 

When λ42.0=d , Figure 4.9(a) shows that the output signal follows the input 

signal closely. Thus the demodulation scheme is insensitive to phase drift. On the 

contrary, when λ3.0=d , Figure 4.9(b) shows poor correlation between the input and 

output signals because of the phase drift.  

 

Although this demodulation method is theoretically perfect when the piezo 

oscillation peak to peak is controlled at nm35342.0 =λ , in practice some variation in 

displacement amplitude should be expected. Another simulation was performed to 

determine the range of acceptable displacement values.  
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A plot of simulated demodulation error (%) vs. piezo displacement, while 

keeping the coherence intensity constant, is shown in Figure 4.10. A linear phase drift 

was applied to mimic fiber length variation, and the piezo displacement amplitude 

ranged from λ35.0 to λ48.0  with λ008.0 per step. The demodulation error percentage 

was calculated from the SIMULINK simulation result as.   

100(%) __ ×=
DC

peaktopeak

V
V

Error  

Where peaktopeakV __ is the output signal peak to peak variation. DCV  is the 

output signal DC voltage.  
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Figure 4.10, Simulation of percentage of demodulation error versus piezo displacement 
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This simulation shows that, in order to remain within 10% of the ideal 

demodulated signal, the piezo displacement amplitude needs to be controlled between 

λ4.0  to λ437.0  (336nm to 367nm). 

4.6.2 Filter Type Simulation 

The second simulation was undertaken to determine the most appropriate low 

pass filter to use. The low pass filter, after the mixer stage, is important to remove 

out-of-band noise. The simulation was performed with the same coherence intensity 

signal, linear phase drift and λ42.0=d  demodulation as used in section 4.6.1. 

Simulations were performed with Butterworth, Bessel and Chebyshev filters, with 

filter orders from four to ten, at a cut off frequency ranged from 30 KHz to 100 KHz.  

The top waveform of Figure 4.11 is the intensity of the interferometric signal. The 

second waveform is the demodulator output using a 10th order Butterworth low pass 

filter (LPF), and the third waveform is obtained with a 10th order Bessel LPF. The 

simulations indicate that the Bessel filter is preferred to a Butterworth filter, since the 

Bessel filer has a smaller overshot and settles faster. The Butterworth filter has a 

slightly faster rise time for the same order filter, but the transient oscillation could 

affect image quality.  
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Figure 4.11, comparison of Butterworth filter and Bessel filter 

Conclusion: Bessel filter is preferred over Butterworth filter. 

4.6.3 Cutoff Frequency Simulation 

A final simulation was performed to determine the optimum filter cutoff 

frequency. A 10th order Bessel LPF was simulated with cutoff frequencies ranging 

from 30 KHz to 100 KHz. Figure 4.12 shows three example cutoff frequencies. The 

simulation results clearly show that a higher cutoff frequency will have a faster 

transient response time. However the attenuation of sum frequency (240 KHz) 

generated by the mixer may be insufficient. A 10th order Bessel LPF with 60 KHz 

cutoff frequency is sufficient to attenuate the 120 kHz carrier frequency while still 

faithfully reproducing an input signal with a broad bandwidth.  
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Figure 4.12, LPF cutoff frequency selection 

Conclusion: Moderate cutoff close to 60 KHz is preferred. 

 

4.7 OCM HARDWARE DESIGN 

A block diagram of the OCM electronics is shown in Figure 4.13.  
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Figure 4.13, OCM signal demodulator and piezo driver block diagram 

The electronics consist of the following stages: 

Pre-amplifier stage: this stage has a variable gain (2~29) and is based on a low 

noise amplifier (OP37, MAXIM, CA).  

Reference signal generator (RSG): this stage creates 120 kHz and 240 kHz 

square waves at 0° and 90° phase for the lock-in amplifiers.  

Two lock-in amplifiers [LIA, 1999]: the LIAs extract the signal amplitude at 

the 1st and 2nd harmonics. Each lock-in amplifier contains two channels for extracting 

in-phase (X) and quadrature (Y) components. Each channel contains an analog mixer 

(AD734, Analog Devices, USA), low pass filter (LPF) (LTC1569-6, Linear 

Technology, CA) and a output amplifier (OP37, MAXIM, CA).  



78 

Piezo drive circuit: the piezo driving signal is created by a low pass filter 

(LTC1569-7, Linear Technology, CA) the 120 KHz 0o waveform from the RSG is 

used to create a synchronized sinusoidal piezo driving signal. The signal is amplified 

[OP552, Burr-Brown, Tucson, AZ] to drive piezo stack.  

Debug output: In addition to the four demodulated outputs (X1, X2, Y1, Y2), 

a squared and summed single output is available for hardware debug only. With this 

monitor, the output can be checked in real-time with an oscilloscope. 

A full circuit schematic and component list is included in Appendix C. Each 

stage is described in more detail below. 

 

4.7.1 Pre-amplifier Design 

A schematic for the pre-Amplifier is shown in Figure 4.14. 

 

Figure 4.14, Pre-Amplifier circuit 
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Because the detector has insufficient transimpedance gain, a low noise 

amplifier OP37 Op-Amp is connected as non-inverting amplifier to further amplify 

the detector output signal. Switches S1~S5 can be turned on and off to achieve 

different gains. The commonly used gain and switch combinations are listed in Table 

4-1. This stage enables a fifteen-fold gain range. 

S1 S2 S3 S4 S5 Gain 
ON OFF OFF OFF OFF 2.0 
OFF ON OFF OFF OFF 3.0 
OFF OFF ON OFF OFF 5.2 
OFF OFF OFF ON OFF 8.7 
OFF OFF OFF OFF ON 14.3 
ON ON ON ON ON 29.2 

Table 4-1, Pre-Amplifier gain table 

4.7.2 Reference Signal Generator (RSG) Design 

The RSG contains a tunable oscillator which provides a 960 KHz CLOCK 

signal. The oscillator is a 555 timer (LM555, National Semiconductor Corporation, 

USA) connected in astable operation mode.  

Figure 4.15 shows some additional details of the 960 KHz CLOCK circuit. 

The 555 timer uses external resistors Ra, Rb and capacitor C to control the capacitor 

charging and discharging speed. When capacitor C voltage hits the upper threshold, 

the output voltage becomes low. The capacitor begins to discharge. Then when 

capacitor C voltage hits the lower threshold the output voltage becomes high. The 

capacitor begins to discharge.  Oscillation continues in this manner. The oscillation 

frequency can be varied by changing resistor Rb according to ( ) CRR
f

ba ⋅+
=

2
47.1  
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Figure 4.15, 960 KHz CLOCK circuit schematic 

Using this CLOCK signal, frequency halving and 90o phase shifting is 

performed with counters (74LS163, Texas Instruments, Dallas, Texas). The 

procedure is outlined in Figure 4.16, where the vertical axis represents time. Counter 

#1 begins counting with number �0000� while counter #2 starts with number �0001�. 

Both counters increase by one at the rising edge of the CLOCK signal. The D2 signal 

toggles state at every CLOCK rising edge, thus the D2 frequency (480 KHz) is one-

half of the CLOCK frequency. Similarly, the C1 and C2 signals change state at every 

two CLOCK cycles, creating signals at one-quarter the CLOCK signal. The phase 

difference between C1 and C2 is exactly 90 degrees. Therefore C1 ( oKHz 90240 ∠ ) 

and C2 ( oKHz 0240 ∠ ) represent two of the four reference signals needed. By using 

D2 as the CLOCK signal for Counter #3 and Counter #4, the remaining two signals, 

C3 ( oKHz 90120 ∠ ) and C4 ( oKHz 0120 ∠ ), can be generated .  
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Figure 4.16, Reference signal generation. Counter outputs generate 120 kHz and 240 kHz in-phase and 

quadrature reference signals.  

Figure 4.17 explains how the counters are initialized. The lower left corner of 

the figure shows the circuit used to create the �Load� signal. When the circuit is 

powered up, the capacitor voltage is 0 Volt, the �Load� signal is kept low, and both 

74LS163 counters are in LOAD mode. Counter #1 loads �0001� and Counter #2 

loads �0000�. Then the capacitor is charged, the �Load� signal becomes high, both 
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counters start counting. Reference signals C1, C2 and D2 are generated and used as 

described earlier. 

 

Figure 4.17, 90 degree phase shift circuit schematic 

4.7.3 LIA Circuit Design 

Two lock-in amplifiers are used in this circuit, each with an X and Y channel. 

Each channel is composed of a mixer, LPF and output amplifier. As shown in Figure 

4.18, specifically each channel consists of an Analog Devices AD734 multipliers 

(mixers), a Linear Technology LTC1569-6 10th order switched capacitor Bessel LPFs 

and a MAXIM OP37 low noise amplifier. The lower left corner of the figure is a 
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simple operational amplifier circuit. It provides a variable DC voltage output, which 

is connected to AD734 pin 3 to control the gain of the mixers. 

 

Figure 4.18, Lock-in Amplifier circuit schematic 

When designing the demodulation circuit, careful attention was paid to 

maximizing dynamic range, which enables large image depth. To achieve high 

dynamic range, low noise components were used. At each circuit stage, the signal 

utilized the full voltage range, and the layout of the components and ground paths 

were carefully designed to minimize noise. The measured noise floor is less than the 

DAQ board the least significant bit (LSB) voltage level, which is 4.88mV with +/-

10V voltage swing and 12 bit of resolution.  

 

 



84 

4.7.4 Piezo Drive Circuit 

To synchronize the piezo stack driving signal with the LIA reference signal, 

the oKHz 0120 ∠  signal is used to generate the piezo driving signal. Since the piezo 

driving signal is required to be sinusoidal, a 10th order LPF (LTC1569-7) was used to 

filter high order harmonic signals, leaving a nearly pure sinusoid. Since the piezo can 

only be expanded rather than shrink, the piezo drive signal was kept positive by 

adjusting a potentiometer (Pot #1) to add a positive offset voltage. The driver signal 

amplitude can be modified by adjusting potentiometer (Pot #2) at the LPF output. The 

piezo drive signal is driven by a high power operational amplifier OPA552 to supply 

sufficient current that is required to drive the piezo with approximately 7.2V peak to 

peak voltage. 

 

Figure 4.19, Piezo drive circuit schematic 

4.7.5 Debug Output 

In Figure 4.20, the debug output circuit uses X1, Y1, X2 and Y2 as input. 

Four multipliers are connected to calculate sum of squares function. For each 

multiplier, both inputs (pin 1 and pin 6) are connected together to perform square 
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function. And each multiplier has sum input (pin 10) connected to the sum output (pin 

12) of the previous multiplier. Finally the OP27 provides a gain of 2 as output stage. 

The circuit on the lower left corner of the figure is the gain control of multipliers.  

 

Figure 4.20, Debug output circuit. MG: Multiplier Gain 

 

4.8 OCM HARDWARE BUILD AND INITIALIZATION 

OCM electronics was built on two perforated circuit board. A photograph is 

shown in Figure 4.21.  
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Figure 4.21, OCM demodulator and piezo driver 

 

As indicated by arrows, there is one input and six outputs for the OCM 

electronics. The input connects the OCM electronics to the output of the OCM 

detector using a standard BNC cable. The six outputs can be divided into three groups: 

the piezo driver output, the output monitor, and the four channels of the demodulator 

output (X1, Y1, X2, Y2). The BNC connector located at the right side of the box is 

the piezo driver output. If the OCM reference arm piezo is changed, the optimum 

drive frequency (resonance frequency) and drive signal amplitude (to achieve 
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displacement of λ42.0 ) may change. Therefore, the driver output provides a variable 

frequency and amplitude voltage signal. Three potentiometers (R1, R2, R3) are used 

to adjust both the frequency and amplitude of the driving signal.  R1 changes the 

CLOCK frequency and thus both the frequency of the piezo driving signal and the 

demodulation reference signals. R2 and R3 are used to change the amplitude and DC 

offset of the piezo signal, respectively. The output monitor signal can be connected to 

the oscilloscope. It provides the sum of the first harmonic signal power and the 

second harmonic signal power, which is 2
2

2
2

2
1

2
1 YXYX +++ . This output is useful 

during initial system setup, as the signal should have minimum peak to peak variation 

when R1, R2, and R3 are adjusted properly. The output signals X1, Y1, X2, Y2 are 

connected to the computer DAQ board and used during normal operation of the OCM.  

A detailed manual has been created for the OCM system, which includes 

additional details on system setup, electronics initialization, software, troubleshooting 

and parts list. It is included in appendix I.  

 

4.9 CHARACTERIZATION AND TEST 

4.9.1 Axial Resolution 

The axial resolution of the OCM system was measured by placing a mirror in 

the sample arm and finding the FWHM of the resulting, roughly Gaussian-shaped 

signal. The resolution was measured to be 8.5-µm in air. The measured value is about 

30% greater than the theoretical estimation, which may be caused by three factors. 
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First, the bandwidth of the ASP electronics may be too narrow resulting in the 

broadening of the PSF. 

Second, in practice the SLD does not have a perfect Gaussian spectral power 

density therefore the formulate used to calculate PSF is not valid. The measured SLD 

spectral power density is shown in Figure 4.22. It�s clearly not a Gaussian shaped. 
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Figure 4.22, Spectral power density of the SLD source 

The third possibility is the dispersion mismatch. Dispersion is a characteristic 

of materials whereby they exhibit different (usually greater) indices of refraction for 

shorter than longer wavelengths.  Primarily because of the microscope objective, 

smaller wavelengths of the light source will have a greater optical path length in the 

sample arm than in the reference arm.  This mismatched dispersion reduces the axial 

resolution, that is, the depth resolution of the system.  A prism pair is placed in the 

reference arm to balance the effects of these dispersive elements in the sample arm.  

Two interferograms (the FWHM of the envelopes of which are indicative of the axial 

resolutions) are shown in Figure 4.23: the top plot shows an interferogram of the 
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OCM without any dispersion compensation, the bottom plot shows an interferogram 

of the OCM after a dispersion compensation plate is added to the reference arm. 
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Figure 4.23, Interferograms affected by dispersion 

Our experimentation shows that the second two factors: non-ideal source 

power spectrum and residual higher-order dispersion that could not be corrected with 

the prism pair, are responsible for the majority of the PSF broadening. The ASP 

electronics contribute less than 10% of the broadening. This degradation is similar to 

that obtained using of off-the-shelf demodulation electronics in OCT systems, and 

was considered an acceptable trade-off to the harmonic and noise rejection achieved 

with the LIA low pass filter cut-off frequency choice. 

4.9.2 Lateral Resolution 

Two objectives are included with the OCM to provide different lateral 

resolutions and fields of view. A 5X microscope objective (378-822, Mitutoyo, Japan) 

and a 10X microscope objective (378-803-2, Mitutoyo, Japan) were selected. The 

measured specifications are shown in Table 4-2. 
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Microscope 
Objective 

Lateral 
Resolution 

(in air) 

Depth 
of Focus

Measured 
NA 

Field of View 

5X 15.0-µm 511-µm 0.0337 4.5-mm x 4.5-mm 
10X 8.0-µm 361-µm 0.0635 3.2-mm x 3.2-mm 

Table 4-2, Specifications for the microscopy objectives 

 

The lateral resolution represents the diameter of the beam waist based on the 

numerical aperture.  The depth of focus and numerical aperture were measured using 

a standard knife-edge test [Suzaki, 1975].  The lateral resolution in the sample 

assumes an index of refraction of 1.4. The depth of focus, based on Rayleigh range of 

the beam, represents the distance where the beam diameter is 2  times as that at the 

focus. 

The measured lateral resolution is lower than the data provided by the 

manufacture. This is because our objective window is not fully filled by the input 

beam from the scanning galvos. The smaller beam results in smaller NA thus lower 

resolution. 

4.9.3 Sampling Speed 

The same simulation setup as Figure 4.8 was used to analyze how fast the 

OCM electronic can response to the input signal. The input signal is a step jump from 

0V to 0.5V at time of 0 second.  The simulated output response is shown in Figure 

4.24.  
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Figure 4.24, OCM simulation with step input 

In the figure, there is an initial delay of about 8us and a transition time of 22us. 

Because the OCM system is designed to take image data at steady state, the initial 

delay is unimportant. Considering just the transition time, the maximum pixel 

sampling speed is 45 KHz.  

 

4.10 OCM IMAGES 

An important part of biological studies is the ability to examine organisms, in 

vivo, without damage. OCM allows such an examination and provides a means to 

place the examinations in a three-dimensional context. As examples of OCM images, 

samples from plants and mammalian tissues were imaged at the surface and beneath 

the surface.  Example images obtained with the OCM system are shown in Figure 

4.25 and Figure 4.26. 
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Figure 4.25, (a) shows the cut surface of a carrot tap root with cortical cells and vascular tissue going to a 

duct; (b) shows a paradermal section on an Arabidopsis leaf in situ with rounded parenchyma cells and 

epidermal cells (�pavement cells�) evident. 

 

Figure 4.26, Rat Ovary ex vivo, 2.0mm X 2.0mm, multiple depth sections 100µm apart 
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For the plant samples, the plant cell wall was readily apparent, unlike those 

presented in previous OCM studies [Hettinger, 2000]. The ability to image the plant 

cell wall should allow orientation of the sample and ability to study cell wall 

biosynthesis.  In addition, we should be able to study how water relations and 

desiccation tolerance. The rat ovary was imaged from the surface and below. The 

ability to image ovaries in vivo could provide a powerful tool for in vivo studies of 

cancer. 

 

4.11 CONCLUSION 

This chapter describes a novel OCM analog signal demodulation and piezo 

driving circuit. The system dynamic range is greater than 72 dB with sampling speed 

up to 45K pixels/second. The design is functionally simple and costs less than $500 to 

build. Excellent quality images of a variety of plant and animal tissues have been 

obtained using this system. 
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CHAPTER 5: ANALOG CMOS IC DESIGN OF OCT SIGNAL 

DETECTION AND PROCESSING UNIT 

5.1 ABSTRACT 

Typical optical coherence tomography (OCT) systems use off-the-shelf 

equipment for signal detection and signal processing. However, photoreceiver and 

demodulating equipment (e.g. New Focus 2001-FC Photoreceiver and Stanford 

Research Systems SR810 Lock-in amplifier) is bulky and expensive. In the following 

three chapters, a complementary metal oxide semiconductor (CMOS) integrated 

circuit design for OCT signal detection and processing is described. The advantages 

of analog CMOS technology are low recurring cost, small size, and ease of scale-up 

for multi-channel acquisition, potentially enabling very high speed. Towards the goal 

of OCT signal detection and processing, three CMOS chips were designed and 

fabricated. Chip #1 (T5AY-AE) and chip #2 (T5BO-AC) include sub-components, 

and chip #3 (T5BO-AB) includes a single channel of an OCT signal detection and 

processing unit. In this chapter, the overall design is provided as well as descriptions 

of each subcomponent. Subsequent chapters include subcomponent and single 

channel test results.  

 



95 

5.2 INTRODUCTION 

Previous CMOS designs for OCT system detection and processing have been 

reported by Kariya (2004), Bourquin(2001) and Egan (2006). Kariya (2004) reported 

a single channel analog CMOS chip for OCT signal demodulation. Images of onion 

were obtained at approximately 7000 pixels/second with a reported dynamic range of 

53dB. Bourquin (2001) reported a 58 X 58 2D smart detector array on an 8.5mm x 

8.5mm chip area for parallel OCT signal detection and demodulation. This chip 

enables very rapid image acquisition, up to approximately 600,000 pixels/second with 

a dynamic range of 58dB. Egan (2006) reported a full-field optical coherence 

tomography system using a CMOS camera with integrated digital signal processing 

(DSP). This system performs 2-D lateral scanning electronically by addressing the 

pixels of the camera, exploiting the random pixel accessibility inherent to the camera 

sensor. Demodulation was performed digitally using the DSP of the camera. The 

speed of this system was 451,200 pixels/second with an unreported dynamic range. 

In contrast to these previous approaches, this chapter presents a unique single-

channel OCT detection and demodulation design that provides high dynamic range. 

By incorporating low-noise photo receiver design, differential layout and lock-in 

amplifier (LIA) based demodulation, this chip achieves 76dB dynamic range. 

Additionally, the LIA based design supplies in-phase and quadrature components of 

the interferogram, thus enabling Doppler-based velocity measurements [Izatt, 1997]. 

This design can be easily scaled up to 100 parallel channels on a 9.4mm x 9.7mm 
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CMOS chip. In a parallel implementation, an acquisition speed of more than 700,000 

pixels/second could be achieved.  

Figure 5.1 presents the overall block diagram for a CMOS chip based single 

channel OCT system. The bulky and expensive discrete equipment is replaced with a 

single CMOS chip. In the chip, the photodiode and transimpedance amplifier (TIA) 

are combined into a photoreceiver for signal detection, and the LIA provides 

demodulation. This setup is described in greater detail in chapter 7. 

 

Figure 5.1, Single channel CMOS chip based OCT system. TIA: Transimpedance Amplifier. LIA: Lock-in 

Amplifier 
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A block diagram for the single channel OCT signal detection and processing 

CMOS chip (TBO5-AB) is shown in Figure 5.2. The CMOS chip is supplied by +/-

3.5V supply voltages, which are denoted Vdd (+3.5V) and Vss (-3.5V). An on-chip 

photodiode detects optical signals from the OCT interferometer detection arm. In the 

OCT system for which this chip was designed, the interference signal is modulated at 

100 KHz center frequency with a 5 KHz bandwidth. The photodiode linearly converts 

optical power into photo current. Then the photo current is converted into a voltage 

signal by the TIA. The rest of the CMOS chip is a LIA (blue components) [LIA, 

1999]. The LIA has a differential gain stage (DGS) to further amplify the voltage 

signal. Two mixers and two low pass filters (LPFs) are used to extract the in-phase (X) 

and quadrature (Y) amplitude of the 100 KHz signal. Because the low pass filter (LPF) 

is a switched-capacitor design, an on-chip clock circuit is needed to provide the clock 

signal. An external reference signal generator board is built to provide the four 

reference signals needed for the demodulators. The outputs of the chip are the X and 

Y components. A personal computer (PC) is used to digitally compute the fringe 

amplitude as 22 YX + .  
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Figure 5.2, Block diagram of single channel CMOS chip (TBO5-AB). Transimpedance Amplifier (TIA), 

Differential Gain Stage (DGS), Low Pass Filter (LPF) 

Each subcomponent of the chip is described in more detail below. 

 

5.3 TIA BASED PHOTORECEIVER OVERALL DESIGN 

Chip #1 contained a complete TIA circuit as well as several sub-parts needed 

for testing. The overall TIA design is described first followed by details of the 

differential op-amp, operational transconductance amplifier (OTA) and associated 

common mode feedback and bias circuits that make up the TIA. 

 The TIA is widely used in photoreceiver circuits. The majority of CMOS TIA 

designs reported in the literature are intended for high speed digital signal reception. 
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This TIA is optimized for the low noise analog optical signal detection in OCT, 

where a weak modulated optical signal is superimposed on a large DC background. 

The TIA is optimized to detect the 100 KHz carrier frequency, 5 KHz bandwidth 

signal, and to reject the unwanted DC component which may be up to 60 dB greater 

magnitude than the modulated signal. This TIA differs from other similar designs 

[Phang, 1999, Zand, 2001] through the unique combination of on-chip buried double 

junction (BDJ) photodiode, very high adjustable gain and attendant low noise. 

In this design, a BDJ [Lu, 1996] photodiode is used to improve the overall 

optical sensitivity. A cross-section of the BDJ photodiode is shown in Figure 5.3. A 

60 µm by 60 µm P+-diffusion and N-well junction forms the P+/N-well photodiode. 

The N-well and P-substrate junction forms P-sub/N-well photodiode. The equivalent 

circuit is shown in the right side of Figure 5.3. This BDJ photodiode is incorporated 

into the input stage of TIA to improve the sensitivity. 

 

Figure 5.3, the structure of the on-chip buried double junction photodiode 
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A block diagram of the differential TIA is shown in Figure 5.4.  The circuit 

has three main parts: input stage, transimpedance stage and feedback DC rejection 

stage. The input stage includes a BDJ photodiode and associated circuitry. As shown 

in Figure 5.4, the photocurrent of the P+/N-well photodiode is 11 Ds Ii + , where 1si  is 

the AC signal and 1DI  is the DC background, similarly the photocurrent of the P-

sub/N-well is 22 Ds Ii + . Two identical current sources are controlled by a common 

mode feedback (CMFB) circuit. In the steady state, each of the identical current 

sources has a current of
2

22 Ds
B

II
I

+
+ , where BI  is a constant bias current.  

 

Figure 5.4, Transimpedance amplifier block diagram 
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In the transimpedance stage, the feedback impedance (Z) is a parallel resistor 

and compensation capacitor. An NMOS transistor in triode mode functions as the 

resistor, enabling gain adjustment through modification of the gate voltage. The 

differential operational amplifier is based on a two-stage design [Baker 1997] with 

output voltage controlled by a CMFB circuit. This amplifier CMFB works together 

with the CMFB at the input stage to prevent common mode current from flowing into 

the transimpedance stage. The differential photocurrent input to transimpedance stage 

is 
2

2
1

s
s

i
i + . Both photocurrents positively contribute to the TIA output and thus 

improve overall responsivity. 

The last stage is the feedback DC rejection stage. In the feedback loop, a 

capacitor Cf and operational transconductance amplifier (OTA) work together as a 

differential integrator. The OTA has a fully differential folded-cascaded structure, 

similar to one previously reported [Stehr, 2003]. An integrator in the negative 

feedback circuit amplifies and thus suppresses the low frequency signal. However, 

within the signal band (95 KHz to 105 KHz) the feedback loop gain is extremely 

weak and signals are not affected. Specifically, as shown in Figure 5.4, the DC 

photocurrents 1DI  and 2DI  are shunted to transistors M1 & M2 instead of the 

transimpedance stage. In the steady state, the current flow is 
2

2
1

D
DB

III ++ for M1 

and 
2

2
1

D
DB

III −− for M2. Therefore, the feedback loop acts as a closed loop high 
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pass filter (HPF). The cutoff frequency of the HPF is changed by adjusting an 

external resistor that sets the OTA transconductance.  

 

5.3.1 Differential Operational Amplifier (diff-amp) Design 

The diff-amp is the major component in transimpedance stage of the TIA. The 

transistor level circuit schematic of the diff-amp is shown in Figure 5.5. This Op-

Amp has a two stage design, which includes a differential amplifier stage and a 

common source stage. Additionally, a CMFB circuit controls the diff-amp output 

common mode voltage.  

 

Figure 5.5, Circuit diagram for the differential Amplifier 
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Transistors M1 through M5 form the differential amplifier stage. The gates of 

M2 and M3 constitute the negative input (Vin-) and positive input (Vin+) of the 

differential pair respectively. The gain of differential pair stage is 

( )4221 // dsdsm rrgA =       (5-1) 

where 2mg  is the transconductance of M2 and 42 // dsds rr  is the parallel drain to 

source small signal resistance of M2 and M4.  Because the differential amplifier gain 

is insufficient for the needs of the TIA, a common source stage follows to provide 

additional gain. Two common source stages are used for both positive output (Vo+) 

and negative output (Vo-).  

Similar to the differential amplifier stage, common source gain is: 

( )106102 // dsdsm rrgA =       (5-2) 

where 10mg  is the transconductance of M10 and 106 // dsds rr  is the parallel drain 

to source small signal resistance of M6 and M10. The total gain of the differential 

Op-Amp is the multiplication of 1A and 2A . 

( )( )10642102 //// dsdsdsdsmm rrrrggA =     (5-3) 

The transistor/capacitor pairs (M8,C1 and M9,C2) are used to improve the 

phase margin of the differential Op-Amp, which is well described previously [Baker, 

1997]. The CMFB circuit is used to control the differential Op-Amp output voltage to 

0V by adjusting the bias voltage Vp1. The operation of this circuit is well 

documented in Razavi (2001). 
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The bias voltage Vn1 and Vp2 in Figure 5.5 are generated by bias circuit, 

which is shown in Figure 5.6. Transistor M15 through M19 provides a supply 

insensitive current source sI at the drain of M19. [Gray, 2001] sI flows though diode 

connected transistor M20 which gives the supply insensitive Vn1=-2.5V. Transistors 

M12 through M14 are used to provide bias voltage Vp2. The W/L ratio of M12 and 

M13 is designed to be the same as that of M4 [Razavi, 2001].  The W/L ratio of M14 

is half of that chosen for M1 in Figure 5.5. 

 

Figure 5.6, Bias circuit for differential Op-Amp 

5.3.2 OTA Design 

The operational transconductance amplifier (OTA) is the major component in 

the feedback DC rejection stage of the TIA. A folded-cascoded differential OTA was 

implemented. The overall operation of the OTA is described in detail in [Baker, 
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1997]. The transistors M1, M8, M9, M10 and M11 have a constant current sI  flow 

from drain to source, while transistor of M4 and M5 have a constant current of sI⋅5.1 .  

Thus the current variation at the OTA output is the same as the current variation at the 

drain of M2. Therefore the transconductance of OTA is the same as the 

transconductance of M2. 

smOTA I
L
WKgg

2

2'
2 2==      (5-4) 

Since the OTA has a differential output, the output common mode (CM) 

voltage needs to be controlled. As shown in Figure 5.7, a CMFB circuit is needed to 

set the Vo- and Vo+ common mode (CM) voltage. The CM voltage can be controlled 

by adjusting Vb4. 
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Figure 5.7, OTA circuit in the TIA feedback stage 

The CMFB (Figure 5.8) is a simple circuit that amplifies the CM signal while 

rejecting the differential signal. The CMFB circuit and the OTA circuit form a 

negative feedback circuit to stabilize the OTA output CM voltage. The Vcom node 

voltage is the reference for the CM voltage. Here Vcom is set to -2V, which is 

required by the TIA input stage differential pair (M1 and M2 in Figure 5.4). 

Vo- Vo+

Vb4 M12 M13

M16M17

M18 M19

Vdd

Vss

M15M14

Vcom=-2V

Vss Vss Vss Vss

 

Figure 5.8, Common mode feedback circuit 

A bias circuit (Figure 5.9) provides the bias voltage for node Vb1, Vb2 and 

Vb3. Transistors M20 through M23 forms a cascode current mirror with unity gain. 

The current of each transistor in Figure 5.9 is sI , which is the same as that in Figure 

5.7. The HPF_tune node is connected to Vdd via an external potentiometer. The 
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relation between OTA transconductance and bias current sI  is given in equation (5-4). 

Thus the cutoff frequency of the HPF is changed. 

Vdd

M20

Vss

M21

M22
M23

M24

Vb2

Vb1

Vb3

M25

M26

M27

HPF_tune

 

Figure 5.9, Bias circuit of OTA 

 

5.4 DIFFERENTIAL GAIN STAGE 

The DGS is used to further amplify the TIA output signal and provide output 

common mode voltage required by the mixer input. The DGS employs the same 

structure as the single clipping amplifier used in Khorram (1995). However instead of 

using NMOS, PMOS is used to construct the circuit, because the required mixer input 

common mode voltage is closer to Vss than Vdd. As shown in Figure 5.10, Va is 

biased at 2V. Both the PMOS differential pair (M2 & M3) and the PMOS load pair 

(M4 & M5) are symmetrical. Therefore, the DGS gain mainly depends upon the 
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device W/L ratio of M2 and M4. The gain can be estimated 

as 3.4_
4

4

2

2 ≈=
W
L

L
W

GainDGS .
 

 

Figure 5.10, Differential gain stage circuit schematic 

 

5.5 MIXER 

A LIA is created from two mixers and LPFs. The mixer shifts the 100 KHz 

modulated signal to a frequency band centered about DC [LIA, 1999]. Both mixers 

have two differential input ports and a single end output. As shown in Figure 5.2, the 

first mixer takes complementary square wave, oKHz 0100 ∠  and oKHz 180100 ∠ , as 

reference signal to extract the in-phase component from the coherence signal. The 

second mixer takes complementary square wave, oKHz 90100 ∠  and oKHz 270100 ∠ as 

reference signal to extract the quadrature component from the coherence signal.  
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The mixer circuit is based on an analog Gilbert multiplier cell in Figure 5.11. 

The Gilbert multiplier cell [Gray, 2001] performs the multiplication function 

21 ininout VVKI ⋅⋅= , where 1inV  is the input signal from DGS, 2inV  is complementary 

reference signal input, K is a coefficient decided by bias voltage biasV and W/L ratio of 

transistors. Then outI  is converted to outV  by the 50 KΩ resistor in the Op-Amp 

feedback path. An off-chip Reference Signal Generator provides reference signals for 

the chip. This design has been previously described in detail in the OCM chapter, 

section 4.7.2. 

 

Figure 5.11, Analog mixer block diagram 
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5.6 SWITCHED CAPACITOR LOW PASS FILTER (SC-LPF) 

One general approach to design high order filters is to take the design in 

polynomial form and break it into a product of first- and second-order filters. The 

implementation of each product can then be accomplished by a cascade of second-

order circuits that each individually realizes a pair of complex conjugate poles and 

two zeros. If the filter order is odd, then one of the products is first order. Figure 5.12 

illustrates the concept of cascaded filter design.  

 

Figure 5.12, (a) Cascade design when n is odd. (b) Cascade design when n is even 

In our application, two SC-LPFs are used to attenuate the out-of-band noise 

while preserving the low frequency difference signal. Because a traditional resistor-

capacitor filter for the audio range would require too large an area, a SC-LPF was 

designed. Additionally, the SC-LPF has the advantages of high accuracy and a 

tunable cutoff frequency. The SC-LPF was designed as a 3rd order Butterworth LPF 

with a 5 KHz -3dB frequency, which provides more than 60dB attenuation at 200 

KHz [Horowitz, 1989]. The designed SC-LPF transfer function is:  
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( )
)/1)(/1(

1
)/1(

1

321 pspsps
sT

++
×

+
=      (5-5) 

 Where 3
1 104.31 ×=p , 3

2 10)2.277.15( ×+= jp and 3
3 10)2.277.15( ×−= jp . 

The transfer function of the SC-LPF has a single pole and a pair of complex 

conjugate poles realized by cascading a first order SC-LPF and a biquad design of a 

second order SC-LPF [Allen, 2002]. 

5.6.1 First Order SC-LPF Design 

The first order switched capacitor low pass filter is shown in Figure 5.13. 

Three capacitors and six switches are used. As shown in the figure, the capacitances 

are C, C1α and C2α respectively. 

1φ 2φ

1φ2φ

1φ

2φ

 

Figure 5.13, First order switched capacitor low pass filter 

The transfer function of the first order stage is: 

( )2

21
1 /1

/
)(

α
αα

CLKTs
sT

+
=      (5-6) 
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Where 1α , 1α  are the capacitance ratios. 310250
1
×

=CLKT  is the time period 

of the 1φ and 2φ signals that control the switches to charge and discharge capacitors. 1φ  

and 2φ  are two-phase non-overlapping CLOCK signals, which are described in detail 

in the section 5.6.3. 

As shown in equation (5-6), the transfer function is only related to the 

capacitance ratios. Since it is easier for CMOS capacitances to be made relatively 

accurate than absolutely accurate, the SC-LPF filter can be made more accurate than 

an RC filter, of which the accuracy is decided by the absolute accuracy of resistors 

and capacitors.  

5.6.2 Second Order SC-LPF Design 

The second order switched capacitor low pass filter design is shown in Figure 

5.14.  

 

Figure 5.14, Low-Q switched capacitor biquad realization 
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This design is a general biquad realization of a second order circuit with a 

transfer function of: 

22

01
2

2)(
o

o s
Q

s

KsKsK
sH

ωω
++

++
=      (5-7) 

Where oω is the natural frequency, Q is the quality factor, and 

0K , 1K and 2K are arbitrary coefficients that determine the zero locations of the 

biquad. This realization is best for a quality factor less than 5 (low-Q) to avoid a large 

capacitance spread. The relationship between the parameters given in equation (5-7) 

and the capacitance ratios given in Figure 5.14 are: 

o

CLKTK
ω

α 0
1 = , CLKoTωαα == 52 , 23 K=α , CLKTK14 =α  and 

Q
TCLKoωα =6  (5-8) 

The second order transfer function in this design is the combined effect of 

poles 2p and 3p , which gives  

3
0 104.31 ×=ω , 2

00 ω=K  ,  032 == KK ,  1=Q  and 310250
1
×

=CLKT  (5-9) 

Capacitance ratios are computed by substituting equation (5-9) into equation 

(5-8).  

126.06521 ==== αααα  and 043 == αα     (5-10) 
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5.6.3 Non-Overlapping CLOCK Generator 

A two-phase non-overlapping clock is required by the SC-LPF to switch 

transistors on and off for signal filtering [Allen, 2002]. The signals ( 1φ , 2φ ) are made 

non-overlapping to prevent short circuits during the switching process, as shown in 

Figure 5.15. Both signal swing between Vdd and Vss. The �dead time� is the time 

period during signals transitions that both 1φ and 2φ signals are low. 

1φ

2φ

 

Figure 5.15, Waveforms of a typical two-phase, non-overlapping CLOCK scheme 

In the design, a Schmitt trigger based voltage controlled oscillator (VCO) 

[Baker, 1997] is used to provide a single-phase clock. The single-phase clock signal 

then is used to generate a two-phase non-overlapping CLOCK [Weste, 2000]. The 

CLOCK signal is realized by introducing delay circuit into a cross-coupled RS flip-

flop. A simple on-chip 1st order R-C LPF is used as a delay circuit, as shown in 

Figure 5.16. Each delay circuit is comprised of a 10KΩ poly-silicon resistor and a 

2pF poly-silicon capacitor. A non-overlapping time of approximately 25 ns was 

designed. The VCO frequency, which in turn controls the CLOCK frequency and the 
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SC-LPF cutoff frequency, is controlled by the LPF_Tune input voltage. The CLOCK 

signal is buffered and connected to the CLOCK pin to enable frequency monitoring. 

1φ

2φ
 

Figure 5.16, Two-phase, non-overlapping CLOCK generator 

5.7 CONCLUSION 

The design of subcomponents of the OCT detection and demodulation circuit 

has been presented. They include a TIA with an on-chip BDJ photodiode, diff-amp, 

and OTA. A DGS stage further amplifies the signal. A LIA based on analog 

multiplier and SC-LPF demodulates the interferogram signal envelope. All the 

subcomponents were laid out to have a width of 90µm and have a total length of less 

than 9mm. This detection and processing unit can be easily scaled up to 100 parallel 

channels on a 94 mm X 9.7 mm chip. 
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CHAPTER 6: CMOS CHIP TESTING (SUBCOMPONENT 

LEVEL) 

6.1 INTRODUCTION  

All the analog complementary metal oxide semiconductor (CMOS) circuits 

described in this dissertation were designed with the AMIS ABN 1.5 micron CMOS 

process. The subcomponents for testing, as well as a single channel, were laid out to 

fit onto three 2.2mm x 2.2mm �tiny chips�. Fabricated was performed by the MOSIS 

service [MOSIS]. The component numbers of the three chips designated by MOSIS 

are T5AY-AE, T5BO-AC and T5BO-AB respectively. This chapter presents the 

results of testing the first two chips, which contained subcomponent-level items.  

6.1.1 Chip #1: T5AY-AE 

The first chip was mainly designed for testing of the photoreceiver. The 

detailed pin description table and layout [Hastings, 2000] of this chip can be found in 

Appendix D. A brief description of the seven circuits on this chip is given below: 

1) Bias circuit (U1): This circuit generates three supply insensitive bias 

voltages (-2.5V, -2V and +2V). This circuit is only tested to assure correct bias 

voltages are being generated under the circumstance that the overall transimpedance 

amplifier (TIA) circuit fails.  

2) Single ended Op-Amp (U2): This op-amp is the same as that used in the 

mixer and switched capacitor low pass filter (SC-LPF) circuits contained on chip #2. 
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The op-amp needs to be tested only if either the mixer or SC-LPF fails. The single 

ended Op-Amp shares the power supply pins (6, 7) with OTA integrator (U4).  

3) Differential output Op-Amp (U3): This op-amp is the major component in 

the transimpedance stage of the TIA. It needs to be tested only if the TIA fails to 

work properly. The differential output Op-Amp shares the power supply pins (6, 7) 

with U4 

4) OTA integrator (U4): The integrator is the main component in the TIA 

feedback stage. It needs to be tested only if TIA fails to work properly.  

5) Photoreceiver (U5): This circuit includes both the photodiode and TIA, and 

is the major subcomponent on chip #1. Several measurements need to be performed 

such as frequency response, gain range, DC rejection ratio and noise density to 

characterize the photoreceiver.  

6) Photodiode: The photodiode is made to be identical to the photodiode used 

in photoreceiver, and is used for responsivity testing. As shown in the chip layout, the 

photodiode has three unbonded pads for probing measurement.  

7) Buffer: This circuit is used in OTA integrator measurement, since the OTA 

circuit can not drive external equipment. The characteristics of the buffer are tested if 

the OTA integrator needs to be tested. The buffer shares power supply pins with U4 

and has two unbonded pads for probing measurement. 

6.1.2 Chip #2: T5BO-AC 

This chip is primarily designed for enable measurements of the lock-in 

amplifier (LIA) sub-component. The detailed pin description table and layout of this 
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chip can be found in the Appendix E. A brief description of the four circuits on this 

chip is given below: 

1) Buffer, The buffer is used to drive the differential gain stage (DGS). The 

buffer characteristics are measured as part of the DGS test. The buffer 

shares power supply pins with DGS circuit (U8) and has two unbonded 

pads for probing measurement. 

2) DGS (U8): This circuit is tested to determine the gain and output common 

mode voltage.  

3) Mixer (U6): The mixer circuit is tested to assure proper performance of 

the multiplication function, and well as for gain. If the mixer measurement 

failed, the single ended op-amp of chip #1 needs to be checked. 

4) SC-LPF (U7): This circuit needs to be tested for the frequency response 

and cutoff slope. The SC-LPF a two-phase non-overlapping CLOCK 

generator circuit which needs to be tested separately if the SC-LPF fails.   

 

6.1.3 Test Flow Chart  

The test flow charts are shown in Figure 6.1. The blue colored tests were 

performed, whereas the uncolored subcomponent tests were not necessary since the 

tested components all performed as expected. A detailed description of the testing 

procedure and test results for each subcomponent is given in the following sections. 
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Figure 6.1, (a) The test flow chart for chip T5AY-AE. (b) The test flow chart for chip T5BO-AC. 

6.2 PHOTODIODE RESPONSIVITY MEASUREMENT 

This purpose of the photodiode responsivity test is to measure the responsivity 

of the on-chip buried double junction (BDJ) photodiode.  Responsivity is required to 

calculate the gain of the TIA. 

As shown in Figure 6.2, the on-chip BDJ photodiode has three pads which can 

be probed for measurement. Pad #1 (PD1) is connected to the photodiode N-well 

region. Pad #3 (PD3) is connected to the photodiode P+ region. Pad #2 (PD2) is 

connected to P-substrate region. Since PD1 is the common current path for PD2 and 

PD3, PD1 is probed and connected to the 4142B GND. PD3 and PD2 are probed and 

connected to the source monitoring unit (Agilent technology, Palo Alto, CA, 4142B) 
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channel #1 and #2 respectively. The voltage of PD3 and PD2 are set to +1.3V and -

2.2V respectively so that P+, N-well and P-substrate are biased at the same voltage as 

in the TIA circuit input stage. 

 

Figure 6.2, Test setup for on-chip photodiode responsivity measurement 

The laser source power is controlled by an ultra-low noise current source (ILX 

Lightwave, Bozeman, MT, LDX-3820). The output of the laser is sent to a 90/10 

coupler. At the output of the coupler 90% of the laser power is sent to the optical 

power meter (Newport Corporation, Irvine, CA, 2835-C) for monitoring. Ten percent 

of the light power illuminates photo diode through a fiber guide. Both the 4142B and 

2835-C are connected to the computer via a general purpose instrumentation bus 

(GPIB). The computer has a Labview program running to control both pieces of 
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equipment and to acquire data on optical power and photo current. The photodiode 

output current is proportional to laser output power, and the responsivity is calculated 

as: 

powerOptical
currentPhotosponsivityPhotodiode
_

_Re_ =  

During the test, the LDX-3820 outputs only DC current, so the laser source 

has a constant optical power output. The part of photodiode input optical power is 

measured by adjusting the 2835-C optical power reading by the measured optical 

coupler ratio. The output photocurrents of the BDJ photodiode are measured by the 

4142B at corresponding channels. The measured data points are displayed as circuit 

points for P+/N-well photodiode and diamond points for P-sub/N-well photodiode in 

Figure 6.3.  
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Figure 6.3, Measured responsivity of BDJ photodiode 

Measurement result: The slopes of the two lines are the responsivities of the 

BDJ photodiode. The measured P+/N-well photodiode responsivity is 0.037A/W and 

the P-sub/N-well photodiode responsivity is 0.185A/W. As described in chapter 5, the 

transimpedance gain of the P-sub/N-well photo current is half of that of the P+/N-

well photo current. So the combined responsivity of the BDJ photodiode is 

0.037+0.185/2=0.13A/W.  

6.3 TRANSIMPEDANCE AMPLIFIER TEST 

The TIA is extremely important for the entire OCT system performance. Four 

measurements need to be done to characterize the TIA: frequency response, noise 

performance, gain range and DC rejection ratio (DCRR). 

6.3.1 Frequency Response 

As described in chapter 5, The TIA is designed to detect a signal with 100 

kHz center frequency and 5 kHz bandwidth. Therefore, the frequency response needs 

to be measured to make sure the inherent band pass characteristics of TIA do not 

attenuate any signals of interest. However, these characteristics are relied upon to 

attenuate the strong DC component of the signal, as well as reduce high frequency 

noise. The test setup is shown in Figure 6.4. 
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Figure 6.4, Test setup for TIA frequency response. BS: Beam Splitter; ND: Neutral Density Filter. 

The test target is the photoreceiver on the chip #1. The chip is powered by a 

power supply (Agilent technology, Palo Alto, CA, E3631A) through pins 21 to 23. 

Pin 18 control voltage is also supplied by E3631A, which controls the TIA gain. Pin 

24 is connected to GND through R1 and R2 so that the TIA high pass filter (HPF) 

cutoff frequency can be adjusted. A function generator (Agilent technology, Palo Alto, 

CA, 33120A) is used to create an AC signal, which is attenuated by a -30dB 

attenuator. Then the attenuated AC voltage is fed into the low noise current source 

LDX-3620, which accepts the attenuated AC signal and combines it with a larger 

internal DC signal so that the combined signal remains positive. The LDX-3620 

converts the combined voltage signal into current to drive the laser source in its linear 

region. The laser source output optical power is modulated by the AC signal. The 

laser optical power is then split into two parts. One-half of the light power is sent to 

the optical power meter 2835-C for monitoring. The other half is attenuated by the 
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ND filter and then used to illuminate on the on-chip photoreceiver BDJ photodiode 

via the fiber guide to generate photo current as TIA input. The oscilloscope (Agilent 

technology, Palo Alto, CA, Infiniium) channel #1 is used to monitor the AC optical 

power, and the Infiniium channel #2 and #3 are used to measure the differential 

output of the TIA. 

The measurement procedure is outlined as follows: 

 (1) Connect equipment and signal pins: Connect equipment as shown in 

Figure 6.4. Connect the port of E3631A with 0~6Voutput to pin 18. Connect pin 24 to 

GND through R1 and R2. Select the resistor R2 to be 300KΩ. The potentiometer is 

variable between 0Ω and 200KΩ. Connect pin 20 to Infiniium channel #2. Connect 

pin 19 to Infiniium channel #3. 

(2) Supply power to the TIA: Use the E3631A to generate -3.5V as negative 

supply voltage (Vss), 0V as ground (GND) and +3.5V as positive supply voltage 

(Vdd). Then connect pin 22 to GND. Connect pin 21 to -3.5V. Connect pin 23 to 

+3.5V. 

(3) Set voltage for control pins: Adjust the E3631A output so that the pin 18 

voltage equals to 1.6V. Adjust the potentiometer R1 until pin 24 voltage equals to -

2.7V. 

(4) Generate optical power input for the BDJ photodiode: Use the 33120A to 

output 100 KHz sinusoidal signal with 50mV peak to peak voltage and 0V DC bias. 

Adjust the internal DC voltage of LDX-3620 and ND filter so that the optical power 

illuminating the BDJ photodiode has about 4uW peak to peak AC optical power with 
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10uW to 20uW DC optical power. The TIA input peak to peak photo current equals 

to 4uW time 0.13A/W (combined responsivity of the BDJ photodiode). Therefore the 

TIA input peak to peak photo current will be about 0.52uA. 

Fix the 33120A sinusoidal output peak to peak voltage at 50mV. Set the 

frequencies from 30 KHz to 200 KHz with 10 KHz between each measurement. Then 

set the frequencies from 200 KHz to 500 KHz with 100 KHz between each 

measurement. 

(5) Measure the TIA frequency response: The TIA output signal is measured 

by subtracting the signal of the oscilloscope channel #3 from that of channel #2. At 

each frequency, measure the TIA output signal peak to peak. Calculate the TIA gain 

by dividing the TIA output peak to peak voltage with the TIA input peak to peak 

current (0.52uA). 

Measurement results:  

The simulated and measured TIA frequency responses are shown in Fig 3. 

The shape of the frequency response and high/low frequency cutoffs are as expected, 

although the peak gain is lower than simulated (1.4MΩ). When the simulated TIA 

response is scaled by a factor of 0.8, there is excellent agreement with measured data 

(dashed line in figure 3). This gain variation may be due to CMOS process variations, 

especially within the transimpedance stage.  
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Figure 6.5, Measured and simulated TIA frequency response. ◊: is measured data; Solid line: is the 

simulated curve; Dashed line: is the simulated curve scaled by 0.8 

6.3.2 Noise Measurement 

The noise performance of the TIA is extremely important, and is a key factor 

in determining the OCT system dynamic range. Noise is usually evaluated as input 

referred current noise density ( HzA / ). Noise is by dividing the measured TIA 

output noise density ( HzV / ) with the TIA gain ( AV / ) in the signal band. The test 

setup is shown in Figure 6.6. 
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Figure 6.6, Test setup for TIA noise measurement 

The chip is powered by a power supply (Agilent technology, Palo Alto, CA, 

E3631A) through pins 21 to 23. Pin 18 control voltage is also supplied by E3631A, 

which controls the TIA gain. Pin 24 is connected to GND through R1 and R2, which 

have the same values as in the TIA frequency response measurement. This 

measurement is done with no input optical power, and the chip core is covered. A 

dynamic signal analyzer (Agilent technology, Palo Alto, CA, 35670A) is used to 

measure the noise spectrum. The 35670A can measure one channel up to a frequency 

of 100 KHz and two channels up to 50 KHz.  Since the TIA noise of interest is near 

100 KHz and the TIA has a differential output, the differential output noise needs to 

be measured one by one . And the total noise power spectrum equals to the sum of the 

spectrum power measurement of pin 19 and pin 20, since the noises are random. 

The measurement procedure is given as follows: 

 (1) Cover the chip 
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 (2) Supply power to the TIA: Use the E3631A to generate -3.5 V as negative 

supply voltage (Vss), 0 V as ground (GND) and +3.5 V as positive supply voltage 

(Vdd). Then connect pin 22 to GND. Connect pin 21 to -3.5 V. Connect pin 23 to 

+3.5 V. 

(3) Connect signal pins: Connect the E3631A 0~6 V output to the pin 18 and 

adjust the voltage to 1.6 V. Adjust the potentiometer R1 until pin 24 voltage equals -

2.7V. Connect pin 20 to 35670A channel #1. 

(4) Measure the TIA output noise spectrum: Measure the noise power 

spectrum, ( )fP20  ( HzV /2 ), of pin 20 from DC to 100 KHz. Then disconnect pin 20 

and connect pin 19 to 35670A channel #1. Measure the noise power spectrum, ( )fP19 , 

of pin 19. The input referred current noise density then is calculated as 

( ) ( )
gainTIA

fPfP
_

2019 +
 . 

Measurement results:  

Figure 6.7 shows the simulated and measured noise densities. The measured 

value at 100 kHz is HzpA /2 , which is about 3 times greater than the simulated 

thermal noise value at the same frequency ( HzpA /6.0 ). The measured noise 

density shows a 1/f falloff, indicating that flicker noise is still dominant in the signal 

band. Flicker noise was not included in the simulation. 
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Figure 6.7, Simulation and measurement of TIA noise density. Solid line: measured data; Dashed line: 

simulated values. 

6.3.3 Gain Range 

The TIA is designed to have variable gain. When the optical signal is too 

strong, the TIA gain can be lowered to avoid saturation. When the optical signal is 

too weak, the TIA gain needs to be increased to fill the output voltage range so that 

the overall system dynamic range is maintained. The TIA is designed to have 10-fold 

gain range. The test setup is the same as shown in Figure 6.4. However, instead of 

measuring the TIA gain at different frequencies, the TIA gain is measured with 

different TIA gain control voltage (pin 18). 

Measurement results:  

By varying the TIA NMOS transistor gate voltage from 3.5-1.35V, a gain 

range of 250 KΩ to 2.5 MΩ was measured at 100 KHz. 
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6.3.4 Photo Current DC Rejection Ratio (DCRR) 

DCRR Estimation: TIA DC output would cause its next stage, the DGS, to lose 

headroom. To determine an acceptable DCRR, the following analysis was performed. 

Assume a headroom lose is 1/4 of the whole voltage swing is acceptable, which 

corresponds to a system dynamic range degradation is dB5.2)
4
11log(20 −=−⋅ . In this 

design, the DGS input range is 60mV, so the ¼ headroom lost equals 12mV TIA DC 

output. Because the estimated DC photocurrent is less than 5uA, a required DCRR = 

20* log (5uA*1.1MΩ/12mV) = 53dB is calculated to be acceptable value to meet the 

requirement. The DCRR test setup is shown in Figure 6.8.  

 

Figure 6.8, Test setup for TIA DCRR measurement 

The chip is powered by E3631A through pins 21 to 23. Pin 18 control voltage 

is also supplied by E3631A, which controls the TIA gain. Pin 24 is connected to 

GND through R1 and R2, which have the same values as in the TIA frequency 
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response measurement. The dynamic signal analyzer 35670A generates a �fixed sine� 

(as described in the 35670A operation manual) voltage source to drive the LDX-3620 

in the DC coupled mode. The LDX-3620 converts the �fixed sine� voltage into current 

to drive the laser source in its linear region. The laser output power is then split into 

two parts. One-half of the light is sent to the optical power meter 2835-C for 

monitoring, and the other half is attenuated by the ND filter and used to illuminate on 

the on-chip BDJ photodiode via the fiber guide. The TIA output AC signal rms value 

is measured by summing the one channel measurements of pin 20 and pin 19. 

The measurement procedure is given as follows: 

 (1) Connect equipment and signal pins: Connect equipment as shown in 

Figure 6.4. Connect the port of E3631A with 0~6V output to pin 18. Connect pin 24 

to GND through R1 and R2. The resistor R2 is selected to be 300KΩ. The 

potentiometer is variable between 0Ω and 200KΩ.  

(2) Supply power to the TIA: Use the E3631A to generate -3.5V as negative 

supply voltage (Vss), 0V as ground (GND) and +3.5 V as positive supply voltage 

(Vdd). Then connect pin 22 to GND. Connect pin 21 to -3.5V. Connect pin 23 to 

+3.5V. 

(3) Set voltage for control pins: Adjust the E3631A output so that the pin 18 

voltage equals 1.6V. Adjust the potentiometer R1 until pin 24 voltage equals -2.7V. 

(4) Generate optical power input for the BDJ photodiode: Adjust the �fixed 

sine� DC and AC values as well as the ND filter so that the optical power illuminating 

the BDJ photodiode has about 9uW peak to peak AC and 12uW DC optical power. 
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Fix the �fixed sine� DC and AC values. Perform measurements at different �fixed 

sine� frequencies from 1Hz to 100 KHz. 

(5) Measure the TIA frequency response: For a certain �fixed sine� frequency, 

measure pin 20 and pin 19 AC signal rms values at the frequency. Sum the measured 

pin 20 and pin 19 rms values to get TIA output AC signal rms. Perform the same 

measurement at different frequencies from 1Hz to 100 KHz.  

Measurement results:  

Figure 6.9 shows the simulated and measured TIA DCRR. The measured data 

and the simulated data match very well between 100Hz and 100 KHz. The measured 

data shows the TIA frequency response goes into a flat region between 1Hz and 

100Hz. Therefore, a lower bound on the DC rejection ratio was obtained by taking the 

ratio of the gains at 100 kHz and 1 Hz. The ratio is 585, corresponding to a TIA DC 

rejection capability of greater than 55dB. Therefore the measured DCRR has met the 

required specification. The discrepancy between the simulation and measurement at 

low frequency could be the effect of parasitic components not included in the 

simulation. 
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Figure 6.9, Simulated and measured TIA DCRR 

6.4 DGS TEST 

The DGS circuit is located on chip #2: T6BO-AC. It has a differential input 

(pin 22 and pin 23) and a differential output (pin 24 and pin 25). Pin 26&27 are used 

to supply power to the DGS circuit. The test setup for the DGS circuit is shown in 

Figure 6.10. The DGS test circuit is powered by a power supply (E3630A, Agilent 

technology, Palo Alto, CA) through pins 26 and 27. The 33120A generates a single 

ended signal, which is converted to a differential signal by the AD8138 differential 

amplifier connected as unit gain. The AD8138 output common mode voltage can be 

set by adjusting the potentiometer R1 [AD8138, 2003]. A four channel oscilloscope 

(TDS224, Tektronix Inc., Beaverton, OR) is used to measure both input and the 

output of the DGS circuit.  
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Figure 6.10, DGS test setup 

The measurement procedure is given as follows: 

 (1) Build differential amplifier AD8138 circuit: AD8138 unity gain circuit is 

shown in Figure 6.10. The resistor R2 is selected to be 10KΩ. The potentiometer R1 

is variable from 0Ω to 20KΩ. Measure AD8138 pin 2 voltage with a digital 

multimeter (Fluke corporation, Everett, WA, fluke 75) Adjust the potentiometer R1 

until the fluke 75 reading  is 0V (+/-0.1V) 

(2) Connect power supply: Use the E3630A to generate +/-3.5V and 0V 

(GND). Connect chip T5BO-AC pin 27 to +3.5V. Connect T5BO-AC pin 26 to -3.5V. 

Connect AD 8138 pin 3 +3.5V. Connect AD 8138 pin 6 to -3.5V 

(3) Connect signal pins: Connect pin 22 to AD 8138 pin 4. Connect pin 23 to 

AD 8138 pin 5. Connect Pin 24 to TDS224 channel #1. Connect pin 25 to TDS224 

channel #2. Connect 33120A output to TDS224 channel #3. 
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(4) DGS gain measurement: Use the 33120A to generate a 100 KHz 

sinusoidal signal with 200mV peak to peak voltage and 0V DC bias. Measure the 

output signal with the oscilloscope (channel #1 � channel #2) to calculate the DGS 

gain 

 

Measurement results: 

The measured DGS input and output waveforms are displayed in Figure 6.11.  

 

Figure 6.11, Measured DGS input and output waveforms 

The input signal waveform has a peak to peak voltage of 200mV. The output 

waveform has a peak to peak voltage of 720mV. Thus the total gain of the DGS with 
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buffer is 720mV/200mV=3.6. The buffer gain was measured to be 0.8. So the DGS 

gain without the buffer is 3.6/0.8=4.5, which is quite close to the designed value 4.3.  

6.5 MIXER TEST 

The mixer test circuit is located on chip #2: T6BO-AC. The mixer has two 

differential inputs and a single ended output. Pins 17&18 are for the differential 

signal input. Pins 15 &16 are for 100 KHz reference input. Pin 20 is the product of 

the input signal and reference signal. The test setup for the mixer is shown in Figure 

6.12. The mixer test circuit is powered by the E3630A through pins 21, 26 and 27. 

The 33120A generates a single ended signal, which is converted into a differential 

signal by the AD8138 differential amplifier connected as unit gain, which is the same 

as in section 6.4. The reference signal generator has the same design as described in 

OCM section 4.5.2.  The Reference signal generator provides 100 KHz <180o and 

100 KHz <0o complementary reference signals for the mixer. A four channel 

oscilloscope TDS224 is used to measure both inputs and the output of the mixer. The 

mixer output signal should have sum and difference frequency of mixer input signal 

and reference signal.  
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Figure 6.12, Mixer test setup 

The measurement procedure is given as follows: 

 (1) Build differential amplifier AD8138 circuit: AD8138 unity gain circuit is 

shown in Figure 6.12. The resistor R2 is selected to be 10KΩ. The potentiometer R1 

is variable from 0Ω to 20KΩ. Measure AD8138 pin 2 voltage with a digital 

multimeter (Fluke corporation, Everett, WA, fluke 75) Adjust the potentiometer R1 

until the fluke 75 reading  is -1.4V (+/-0.1V) 

 (2) Reference signal generator (RSG) board setup: Build the RSG circuit on a 

perforated circuit board. Connect the reference signal generator board Vdd to +3.5V. 

Connect the reference signal generator board Vss to -3.5V. Vary the potentiometer in 

the 555 timer circuit until the reference signal frequency is 100 KHz.  



138 

(3) Supply power to mixer: Use the E3630A to generate +/-3.5V and 0V 

(GND). Connect chip T5BO-AC pin 27 to +3.5V. Connect T5BO-AC pin 21 to GND. 

Connect T5BO-AC pin 26 to -3.5V. Connect AD 8138 pin 3 +3.5V. Connect AD 

8138 pin 6 to -3.5V 

(4) Connect the mixer input and output signals as shown in Figure 6.12 

(5) Measure two sets of data. 

Test #1: Set the 33120A output to be a sinusoidal signal with 0V DC offset, 

50mV peak to peak AC and 90 KHz frequency. Record mixer input and output 

signals. 

Test #2: Set the 33120A output to be a sinusoidal signal with 0V DC offset, 

50mV peak to peak AC and 80 KHz frequency. Record mixer inputs and output 

signals. 

Measurement result: 

The waveforms shown in Figure 6.13 are from the test #1. 
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Figure 6.13, Mixer measurement #1 

The top waveform is the measured sinusoidal input waveform with 50mV 

peak and 90 KHz frequency. The waveform has some periodic spikes, which are due 

to the switching reference signal. These spikes do not affect the demodulation since 

they are filtered by the SC-LPF stage. The second waveform is the 100 KHz square 

wave reference signal. The third waveform is the measured product of the first 

waveform and the second waveform.  The forth waveform is the theoretical result. 

Waveform #3 and #4 looks very similar with eye observation, indicating that the 

mixer is working as expected. Cross-correlation of waveform #3 and #4 are 

performed to provide a quantifiable measure to the similarity in Figure 6.14. The 

correlation waveform peaks at 0.85.  
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Figure 6.14, Cross-correlation between mixer input multiplication and output 

The strongest positive correlation is 1.0, and the closer our value is to 1.0 the 

stronger the correlation between the two sets of values. The following general 

categories indicate a quick way of interpreting our calculated r value in Table 6-1: 

Correlation Evaluation 
0.0 to 0.2 Very weak to negligible correlation 

0.2 to 0.4 Weak, low correlation 

0.4 to 0.7 Moderate correlation 

0.7 to 0.9 Strong, high correlation 

0.9 to 1.0 Very strong correlation 

Table 6-1, Correlation evaluation table 
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Our result of 0.85 shows a strong correlation between the multiplication and 

mixer output. Because the peak of the correlation is at the 3rd data point with 

sampling time of 100 ns, the mixer output has a delay of 300 ns compared to the input. 

The measured mixer outputs from test #1 and #2 are displayed in Figure 6.15. 

The top waveform has two distinctive frequencies. The 10 KHz frequency is the 

difference frequency of the input (90 KHz) and reference (100 KHz) signals, while 

the 190 KHz frequency is the sum frequency. The bottom waveform shows the 

difference and sum frequencies changed to 20 KHz and 180 KHz respectively when 

the input signal frequency is 80 KHz. 

 

 

Figure 6.15, Mixer outputs comparison 
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6.6 SWITCHED CAPACITOR LOW PASS FILTER (SC-LPF) TEST 

SC-LPF is the last stage of the overall OCT ASP. This filter is used to remove 

noise outside the signal band. The SC-LPF being tested is located on chip #2 T5BO-

AC. In totally 6 pins are used for the test. Pins 1, 2 and 28 are power supply pins. Pin 

14 is the input and pin 15 is the output. Pin 3 is to control the SC-LPF corner 

frequency.  

The test setup for the SC-LPF is shown in Figure 6.16. The SC-LPF circuit is 

powered by E3630A through pins 1, 2 and 28. The 33120A provides the signal for 

SC-LPF input. Potentiometer R1 and resistor R2 are combined to adjust the non-

overlapping CLOCK frequency, which in turn adjust the SC-LPF corner frequency.  

The oscilloscope TDS224 is used to monitor both SC-LPF input and output signals. 

 

Figure 6.16, SC-LPF test setup 
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The measurement procedure is given as follows: 

 (1) Supply power to the SC-LPF: Use the E3630A to generate +/-3.5V and 

0V (GND). Connect the chip T5BO-AC pin 2 to +3.5V. Connect T5BO-AC pin 1 to 

GND. Connect T5BO-AC pin 28 to -3.5V.  

(2) Connect signal pins: Connect 33120A output to pin 14. Connect pin 13 to 

TDS224 channel #1. Connect pin 14 to TDS224 channel #2. Select R1 to be 0 to 

50KΩ adjustable and R2=300 KΩ. Connect R1 and R2 in series between pin 3 and 

Vdd 

(3) SC-LPF frequency response measurement: Set the 33120A output sinusoid 

to be 1V peak to peak AC and 0V DC bias. Select frequencies from 100 Hz to 1 KHz 

with 100 Hz step and frequencies from 1 KHz to 20 KHz with 1 KHz step. At each 

selected frequency, Measure TDS224 channel #1 and channel #2 signal peak to peak 

voltage. Record the output voltage to input voltage ratio. Plot measured transfer 

function from 100 Hz to 20 KHz. 

 

 Measurement results: 

The measured SC-LPF transfer function is shown in Figure 6.17. There is an 

acceptable agreement between simulated and measured transfer function. The 

measured -3dB cutoff frequency is located at 4.5 KHz, which is a little lower than the 

expected value (5 KHz).  
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Figure 6.17, Measured and simulated SC-LPF frequency response 

 

6.7 CONCLUSION 

All of the subcomponents function correctly and most measurements are very 

close to the simulated value. The TIA is measured to have a variable high 

transimpedance gain (250KΩ to 2.5MΩ), large DC photo current rejection capability 

(>55dB) and low input referred noise density ( HzpA /2 at 100 KHz and a gain of 

1.1MΩ). The DGS has a gain of 4.5, the mixer works as expected, and the SC-LPF is 

measured to have a 4.5 KHz -3dB cutoff frequency. Giving these promising results, 

the one-channel OCT detection and demodulation circuit is next tested, as described 

in the following chapter. 
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CHAPTER 7: ONE CHANNEL OCT ANALOG SIGNAL 

PROCESSING UNIT (CHIP#3) 

7.1 INTRODUCTION 

A single channel optical coherence tomography (OCT) signal detection and 

processing unit is fabricated based on the subcomponent designs described in chapter 

5.  The AMI ABN 1.5 micron complementary metal oxide semiconductor (CMOS) 

process is used to fabricate the chip. The one channel unit layout was designed to fit 

into an area of 9 mm x 90µm, such that 100 channels and associated photodetectors 

would fit on a 9.4mm X 9.7mm, �large chip�. For the purpose of testing, the one 

channel was rearranged to fit on a 2.2mm x 2.2mm �tiny chip�. The CMOS chip was 

packaged in a 28 pin DIP package. Detailed pin description and layout are shown in 

Appendix F. Testing of the subcomponents of the detection and processing unit was 

described in the previous chapter. This chapter presents the results of testing the one-

channel chip within an OCT system. 

7.2 CHIP OVERVIEW 

The block diagram of the single channel OCT signal detection and processing 

CMOS chip (TBO5-AB) is shown in Figure 7.1. This chip has an on-chip photodiode 

to detect optical signals from the OCT interferometer detection fiber arm. The 

photodiode linearly converts optical power into photo current. Then photo current is 

converted into voltage signal by the transimpedance amplifier (TIA). The rest of the 
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CMOS chip is a LIA [LIA, 1999]. The LIA has a differential gain stage (DGS) to 

further amplify the voltage signal. Two mixers and two low pass filters (LPFs) are 

used to extract the in-phase (X) and quadrature (Y) amplitude of 100 KHz harmonics. 

Finally the X, Y signals are sent to computer and the signal envelope is calculated 

as 22 YX + . 

 

Figure 7.1, Block diagram of the one channel CMOS chip 

The chip has 10 pins for external signals interfacing. Pin 9 is used to control 

the TIA gain. Pin 10 is used to control TIA high pass filter (HPF) cutoff frequency. 

Pin 11 and pin 12 are the differential input of the 100 KHz 0 degree phase reference 

signal. Pin 13 and pin 14 are the differential input of the 100 KHz 90 degree phase 
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reference signal.  Pin 15 controls the low pass filter (LPF) cutoff frequency. Pin 16 is 

used to monitor CLOCK signal frequency. Pin 20 and 21 are X and Y signal output.  

There are two sets of power supply pins for analog and digital circuits. This 

arrangement is designed to mitigate the interference from the digital circuits to analog 

circuits. Pins 6,7 and 8 supply power for analog circuits, which include the TIA and 

DGS. Pins 17,18 and 19 supply power for digital circuits, which include the mixers, 

switched capacitor low pass filters (SC-LPFs) and the CLOCK circuit. 

7.3 ONE CHANNEL CIRCUIT SIMULATION 

The simulation of the one channel CMOS detection and demodulation unit has 

proven that the overall design is valid. The simulation is based upon sub-components 

designs, which are described in chapter 5. The simulation uses HSPICE software and 

the BSIM3 level 49 transistor model provided by the foundry. The simulation source 

code and transistor models are included in Appendix G. 

In the simulation, the TIA_gain (pin 9) voltage is set to 1.6V; the HPF_tune 

(pin 10) is set to -2.7V; the LPF_tune (pin 15) is set to -2.6V. The reference signals 

are provided with square wave voltage sources. These values are similar to those used 

during testing. 

Real OCT data sampled from an A-scan of signal mirror reflection is used as 

the input for simulation.  The data were obtained by placing a mirror in the OCT 

sample arm. The interferogram is detected by a photoreceiver (2001-FC, New Focus, 

San Jose, CA), then the interferometric data directly acquired by the computer and 
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saved for HSPICE circuit simulation. Since the CMOS circuit accepts photocurrent as 

the input, the voltage data is scaled to an appropriate value of current data, 

considering transimpedance gain and responsivity of the New Focus photoreceiver, as 

well as measured responsivity of the on-chip photodiode. 

Both of the simulated input and output waveforms are shown in Figure 7.2. 

The top waveform is the output envelope and the bottom waveform is the input 

interferometric signal. The simulation result shows the circuit design works as 

expected. At t=0, the output signal show a transient spike which is due to the circuit 

startup. After the startup, the output can faithfully reproduce the envelope of the input 

signal. 
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Figure 7.2, Simulation of one channel CMOS detection and processing unit. 

7.4 TEST SETUP FOR CHIP #3 

A time domain OCT system has been setup for testing chip #3. The block 

diagram of the OCT system with the CMOS detection and demodulation circuitry is 

shown in Figure 5.1. The imaging light source is a SLD (Broadlighter 890, Superlum 

Diodes Ltd., Russia) with 890nm center wavelength, 90nm full-width at half-

maximum (FWHM) bandwidth and 3.5mW optical power. Light from the fiber-

coupled source is divided by a 2x2 fiber coupler into reference and sample beams. A 

retroreflecting mirror mounted on a galvometer performs 2mm of pathlength 

modulation in the reference arm. Light reflected from the reference mirror and 

backscattered from a sample are combined by the fiber coupler and directed to the on-

chip photodiode, by which the optical power is converted into photo current. Then the 

TIA converts current into voltage signal, which is demodulated by LIA with two 

channel (X, Y) output. Finally the signal is sampled by the DAQ board and displayed 

on the computer screen using Labview software. 

In Figure 7.3, a perforated circuit board has been built to supply the power and 

control signals to the CMOS chip. The detailed circuit schematic is included in 

Appendix H. 



150 

 

Figure 7.3, One channel perforated circuit board blockdiagram in the OCT system 

The perforated circuit board is illustrated in blue color. Three resistors 

(R1,R4,R5) and three potentiometers (R2,R3,R6) are used to adjust the control 

signals. A Reference Signal Generator (refer to chapter 4.7.2) provides reference 

signals to on-chip mixers. Two E3630As are used to supply power for digital and 

analog components on chip. The on-chip photodiode takes optical input from OCT 

interferometer output.  The board outputs X and Y signals to the computer. A 

photograph of the perforated circuit board is shown in Figure 7.4 with key 

components and signals indicated. 
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Figure 7.4, Photography of the one channel perforated circuit board 

Before the one channel board is connected to the OCT system, the A-scan 

depth and frequency needs to be modified so that the interferogram center frequency 

equals to 100 KHz. This is done by connecting interferometer output to New Focus 

photoreceiver 2001-FC and using an oscilloscope to observe the output interferogram. 

Both scan depth and scan frequency of the galvo-mounted reference retroreflector 

will affect the signal center frequency (as both affect the scan velocity).  A scan depth 

of 2.6 mm and scan frequency of 14 Hz are selected. The electrical signal bandwidth 

is estimated to be 5 KHz using equation (2-3). 

The OCT system is connected with the one channel board as shown in Figure 

7.3.  The OCT interferometer output is coupled to a bare fiber. The lid of the chip is 

removed. A large working distance surgical microscope is used to find the location of 
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the on-chip photodiode. With the help of the microscope, the bare fiber tip is aimed to 

the center of the on-chip photodiode.  Now the system is ready to do measurements. 

7.5 MEASUREMENTS 

Measurements have been performed to evaluate the one channel CMOS chip. 

Axial resolution and dynamic range are measured, since they are the two key 

specifications for OCT systems. 

7.5.1 Axial Resolution Measurement 

The axial resolution is measured by placing a mirror in the sample arm to 

obtain a single reflection interferogram. The OCT system optical output is connected 

to a photoreceiver (2001-FC, New Focus, San Jose, CA). The interferogram is 

converted to voltage signal by 2001-FC, measured by an oscilloscope (Tektronix Inc., 

Beaverton, OR, TDS224) and displayed in Figure 7.5(a). The interferogram output is 

time based data, which is converted to the depth signal by multiplying the mirror 

scanning speed mirrorV . The equation is: 

)/(045.0
__

__ sm
CycleDutyScan

FrequencyScanDepthScanVmirror =×=   (7-1) 

Where the measured mmDepthScan 6.2_ = , HzFrequencyScan 14_ = , 

8.0__ =CycleDutyScan . mirrorV can also be estimated by equation (2-2), which gives 

the same result.  

Then the CMOS chip is connected to the OCT system as shown in Figure 1 to 

perform signal sensing and processing. The interferogram signal envelope, shown in 
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Figure 7.5(b), is computed as 22 YX + . A big center peak with two small side 

peaks appears in both Figure 5(a) and Figure 5(b). Conclusion can be made that the 

interferogram envelope is faithfully reproduced by the CMOS chip. 

 

Figure 7.5, Comparison between interferogram and CMOS output 

The FWHM of the interferogram is measured to be 5.6µm. The FWHM of the 

envelope is 6.4µm. Therefore the CMOS demodulation electronics causes a 14% 

degradation in the axial resolution, perhaps due to limited bandwidth of the 

electronics. Such degradation percentage is acceptable. 
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7.5.2 Dynamic Range Measurement 

OCT images usually have a dynamic range of 60 to 72dB. High quality OCT 

system can achieve a system dynamic range of 100dB. The one channel OCT system 

dynamic range is measured by placing a mirror in the sample arm and adjusting the 

neutral density (ND) filter in the reference arm until the mirror signal is barely 

saturated. The ND filter value is ND1=0.6. And then more ND filters are added to the 

reference arm until the mirror signal is not distinguishable. The ND filter value is 

ND2=2.5. Since the optical beam in the reference arm passes each ND filter two 

times, the dynamic range was then calculated as 40*(ND2-ND1), which is 76dB for 

the system. The measured dynamic range is not as large as some previously reported 

OCT systems. However, 76dB dynamic range is better than previously reported 

signal chip CMOS solutions. Additionally, since OCT images rarely have greater than 

70dB dynamic range (since the strongest tissue reflection is orders of magnitude less 

than that from a mirror), the dynamic range of this CMOS demodulator is more than 

sufficient for OCT imaging applications. With a higher responsivity photodiode, or a 

greater incident light power, dynamic range would be increased with adjustable 

transimpedance gain.  

7.5.3 Finger Tip Image 

An image of finger tip image, Figure 7.6, is taken to demonstrate the one 

channel OCT system imaging quality. The image is stabilized by placing it under a 

microscope slide. The image dimension is 4mm x 1.4mm. Two sweat ducts and three 

skin layers are clearly visible, demonstrating an excellent image quality. 
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Figure 7.6, OCT image of finger showing microscope slide (MF), sweat duct (SD), stratum corneum (SC), 

stratum spinosum (SS), and dermal papillae (DP) 

7.6 CONCLUSION 

A one channel OCT detection and demodulation system demonstrates that low 

cost CMOS processing technology can perform high quality OCT system signal 

processing. The CMOS chip based OCT system achieves a dynamic range of 76dB 

and a 6.4 µm resolution. Compared to reported prior art, our design demonstrates a 

much improved image quality. This design can be easily scaled up to 100 paralleled 

channels on a 9.4mm x 9.7mm CMOS chip. 
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APPENDIX A: FAST OCT STANDARD OPERATION 

PROCEDURE 

♦  Turn on the fast OCT system 
1.  Turn on the isolation transformer switch. 
2.  Turn on the red switch (power) on the back of the rack. 
3.  There is a key hidden to the left of Optiphase V500 photo detector. Find the key 

and put it into the keyhole of the BBS-1310 light source. Turn the key clockwise 
to turn on the power supply of the light source. After the green LED of BBS-1310 
is on, turn on the switch close to the keyhole to turn on the light source. 

4.  Turn on the Optiphase V500 photo detector. 
5.  Turn on the Krohn-Hite 3945 filter box. 
6.  There is a small aluminum box that sits on top of the filter box, which is the 

logarithmic envelope demodulator of the fast OCT system. Turn on the red switch 
at the left top corner of the aluminum box. 

7.  Turn on the aiming beam. Check whether the aiming beam by putting a small 
piece of paper in the sample arm. If a red dot is seen, then launch the fast OCT 
program. If not, please check whether the system needs to be realigned. 

 
♦  Configure software & hardware of the fast OCT system 

1. Turn on the computer; launch the software OCT1.exe in the middle of the desktop 
screen. 

2. In the pop-up program window, select scanning parameters such as A-scans per 
second, A-scans per image, Scan depth, Lateral scan range and Samples per A-
scan. (Either 200 or 400 A-scans per second are suggested for good image quality.) 

3. Select galvo if the sample arm mirror is driven with a galvo system.  Select Piezo 
if the sample arm mirror is driven with Piezo.  

4. Based on the A-scans per second value chosen, configure the parameters of the 
filter box channels. There is a paper on the left side of the rack. It shows filter 
corner frequencies and gain settings for different scanning speed. 

 
♦  Take image with the fast OCT system 

1. After all parameters are set properly, click �start image� button to take image. 
Images are taken continuously and displayed in a pop-up image window.  

2. Adjust �shift factor� integer value, to cancel odd column and even column 
misalignment effect. 

3. Increase the gain of photo detector to get a brighter image. If the yellow LED of 
photo detector or the red LED of filter box is lit, it means either device is clipping 
the signal. The photo detector should work at maximum non-saturated mode. 

4. The ND filter on the reference arm may need to be adjusted, if the sample is more 
or less reflective than usual. In this case, you should also change the path length 
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of the sample arm by turning the translation stage knob to match the reference 
arm path length.    

5. Once a desired image is obtained, click the �stop image� button. Then click the 
�save image� button and specify where and with what name to save image file. 
The saved image is the image on the screen at the moment when the �stop image� 
button is clicked. 

6. Check the box for �both bmp and txt files�, if the image is to be saved in 
both .bmp format and .txt format. Otherwise, the image will be saved only in .txt 
format. 

 
♦  Turn off the fast OCT system 

1. When finished taking images, click �stop image� and �close image window� 
buttons. Then exit the OCT1.exe software. 

2. Turn off computer. 
3. Turn off the red switch on the aluminum box. 
4. Turn off the Krohn-Hite 3945 filter box. 
5. Turn off the OptiPhase V500 photo detector. 
6. Turn off the BBS-1310 light source switch next to the keyhole.  Then turn the key 

counter-clockwise to shut off the power. Remove the key, and put it back in its 
hidden spot. 

7. Turn off the red switch on the back of the rack. 
8. Turn off the isolation transformer switch. 

 
♦  Typical Setting 
• Photo detector gain should be set at 50K. High pass filter cutoff frequency is 1KHz. 

Low pass filter cutoff frequency is 1MHz.  
• There are three channels in the filter box.  

Channel 2.1 should be set at 20DB for input gain and 0DB for output gain. 
Both channel 1.1 and 1.2 gains should be set at 0DB. 

• Each channel should be set according to different scanning speeds. The following 
table gives typical settings. 

 
Scanning speed 
(A-scan/second) 

Channel 1.1 
(KHz) 

Channel 1.2 
(KHz) 

Channel 2.1 
(KHz) 

200 20 15 65 
400 40 30 130 
800 80 60 260 
1600 160 120 520 

Table 7-1, Fast OCT filter box typical setting 
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APPENDIX B: FAST OCT ALIGNMENT PROCEDURE 

Z direction:  The direction light propagates. 
X direction:  The axis perpendicular to Z direction. X-Z plane is horizontal. 
Y direction:  The axis perpendicular to X-Z plane. 
IR card:  Infrared card which is a small card used to visualize the infrared light.  

 
♦  Rapid scanning optical delay line alignment (reference arm) 

Step 1: Setup the collimator 
1. Remove double pass mirror, lens, grating mirror, and fiber collimator in 

the reference arm. 
2. Move the scan mirror mount back to the end of the rail. 
3. Turn on the light source, block the sample arm for the whole reference 

arm alignment, and insert the reference arm APC fiber connector into the 
collimator. 

4. Check the collimated beam going out of the fiber collimator by using an 
IR card. The beam should have a constant diameter along the optical path. 
If the beam spreads, adjust the collimator. 

(As default, the infrared beam is checked with an IR card during the whole 
procedure) 

 
Step 2: Make sure the lens holder is in the center of the rail 
 

 

5. Move the fiber collimator  to the grating mirror holder position 
6. Put a post, with a screw on top of it, in the lens post holder position 
7. Adjust the height of the post, and aim the infrared beam on top of the 

screw.  
8. Move the lens holder along the rail to make sure that the beam stays on 

top of the screw. Otherwise it means the holder is not centered to the rail, 
so the holder position needs to be adjusted. 

 
Step 3: Set the collimator height and direction 

9. Move the collimator back to its original position 
10. Aim the collimator toward the scan mirror. The beam should be 

approximately 1mm below the widest part of scan mirror. Adjust the 
collimator if needed. 

11. Put on post collar to fix the height of collimator post while the post still 
can still be turned around. 

12. Put the grating mirror holder back into the position 
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13. Select a clean spot on the grating mirror. And remember the second pass 
light will be approximately 3mm lower. So both the first pass and second 
pass point should be clean. 

14. Fix the grating mirror height. 
15. Aim the beam out of the collimator onto the grating mirror. 
16. Rotate grating mirror so that beam is parallel to the grating mirror surface. 
17. Make sure the beam center is exactly at the surface of the grating mirror. 

This is to make sure that the beam is aimed at the center axis of the grating 
mirror mount. 

 
Step 4: Align the grating 0 and +/-1st order beam perpendicular to the grating mirror 

post. 
18. Turn the grating toward the collimator to reflect 0th order light back to the 

collimator. 
19. Keep blocking the sample arm; connect the interferometer output 

connector to Opti-phase V500 Photo detector. Set the high pass filter to 
DC and the gain to 2K.  

20. Check DC level at the output of the oscilloscope. Try to change the pitch, 
roll and yaw of the grating holder maximize the DC value. 

21. Check +/-1st orders and make sure they are roughly in horizontal X-Z 
plane. 

22. Turn grating holder. Aim the +1st order light back to the collimator. 
Check the DC voltage on the oscilloscope screen. Maximize the DC 
voltage by adjusting roll knob as indicated in Figure B.1. 

23. Turn grating holder. Aim the 0th order light back to the collimator. 
Maximize the DC voltage by adjusting pitch knob. 

24. Turn grating holder. Aim the -1st order light back to the collimator. 
Maximize the DC voltage by adjusting yaw knob. 

25. Turn grating holder. Aim the 0th order light back to the collimator. 
Maximize the DC voltage by adjusting pitch knob. 

26. Reiterate steps 22 to 25 until row, pitch and yaw are optimized for all of 
0th and +/-1st orders. So that all orders lie in the horizontal X-Z plane. 

27. The optimized setup should have about 200mV for 0th order, and +1st 
order is 2-3 times stronger than -1st order. 



160 

 
Figure B.1 Grating mirror holder knob indication 

 
Step 5: Align the grating mirror position so that -1st order light goes to the rail axis 

and -2nd order light goes back to the collimator. 
28. Grating mirror should be placed as close to perpendicular as possible to 

the rail axis (Z). 
29.  Turn the grating holder, so that the -1st order light goes along the center 

of the rail. Check with IR card near the scan mirror, which is centered with 
the rail. Refer to [Hecht, 2002] for the orders of diffracted beams.  

30. Fix the grating holder position. 
31. Rotate the arm with collimator holder on it so that -2nd order light reflects 

back to the collimator. Check with IR card near the collimator region. 
32. Fix the rotation arm with collimator holder on it. 

 
Step 6: Adjust the scan mirror mount  

33. Move the scan mirror mount to the far end of the rail. 
34. Adjust the stage�s tip and till of the scan mirror mount as well as the scan 

mirror galvo angle. Use the IR card to track the reflected light to make 
sure it goes back to the collimator. 
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35. Set the Opti-phase detector high pass filter to DC and set gain to the 
highest setting in order to amplify the weak light reflection. Connect the 
detector output to the oscilloscope to measure the DC voltage. 

36. Keep on adjusting the scan mirror mount tip and tilt stage, to maximize the 
DC voltage on the oscilloscope. 

 
Step 7: Optimize the angle of the galvo 

37. The galvo is screwed on the top of scan mirror mount. Screws need to be 
loose in order to adjust its orientation. The angle is hard to be adjusted 
accurately by only observing the DC voltage. Fast OCT software is used 
to help the alignment procedure. 

38. Run the Fast OCT software to control the reference arm mirror scans back 
and forth in a small angle. 

39. As shown in Figure B.2, in the small angle region the reflection strength 
(Y-axis) is the strongest when the mirror angle is 90o, since the mirror is 
perpendicular to the beam and most of the light is back reflected back to 
the collimator. 

40. When the angle deviates from the 90o position, part of the light will be 
reflected off the axis. So the detected back reflected light is reduced. In the 
small angle region, the back reflection is close to linear. 

41. Figure B.2(a) shows that the galvo �zero� position is perpendicular to the Z 
direction. When the galvo scans back and forth, the reflected light strength 
varies from A! B ! C ! B !A ! B ! C ! B ! A. Since point A 
and C are symmetrical to the Y axis, the detector waveform will look like 
a triangle waveform. 
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θ  
Figure B.2, (a) Shows the detector output waveform when the galvo �zero� angle position 

is perpendicular to the Z axis (90o). (b) Shows the detector output waveform when the 
galvo �zero� angle position is 90o+θ 

 
42. Figure B.2(b) shows that the galvo �zero� position is off the 90o degree 

position. Point A and C are not symmetrical anymore. So the detector 
waveform has a big valley and a small valley next to each other. 

43. Keep adjusting the galvo position until the triangle waveform is achieved. 
Then screw the galvo tight back tightly to the scan mirror mount. 

 
 
Step 8: Put the lens in 

44. Put a post in the center of the rail. Adjust the height of the post, so that the 
light hits the top of the post.  

45. Screw the lens tightly onto a post, Place this assembly into the lens post 
holder, which has been adjusted in step 2. Move the lens to about 45mm 
away from the grating mirror (surface to surface). 

46. Align the focusing lens to be perpendicular and centered to the beam. 
With the proper alignment in the previous stages, the light that passes 
through the lens should automatically hit the top of the post at the same 
spot.  

 
Step 9: Maximize the one pass reflection with lens 

47. Move the scan mirror mount to be about 10~11cm from the grating and 
about 45mm away from the lens. Lock the scan mirror mount on the rail. 
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48. Adjust the micrometer on the side of the scan mirror mount to adjust the Z 
distance of scan mirror until a maximum DC voltage is achieved. 

49. Adjust the tilt of the scan mirror mount until a maximum DC voltage is 
achieved. 

50. Reiterate steps 47 and 48 until global maximum is achieved. 
51. Do step 7 again to set the galvo �zero� position perpendicular to the beam. 
52. Adjust the scan mirror mount micrometer and tilt to make sure it�s still at 

the maximum. Make a little adjustment to maximize the one pass 
reflection if necessary. 

 
Step 10: Put in double pass mirror and get double pass reflection 

53. Put in the double pass mirror lower than the beam but as close to the beam 
as possible so there is no clipping of beam coming out of the collimator.  

54. Tilt the scanning mirror to obtain double pass. The tilted beam should be 
as close as possible to the optical axis (optimally 2-3mm lower than 
optical axis) 

55. There are two beams at the direction of 0th order due to the double 
reflection. Ideally these two beams should have the same spot size and be 
parallel to one another. If the beams are not parallel, make sure the vertical 
distance Y∆  of the two beams are constant. The horizontal distance 

X∆ can vary, due to the beam does not propagate perfectly along the 
center of the rail. 

56. If the beam does not have the same spot size, this means that the scan 
mirror is not at the focus point of the lens. Adjust the scan mirror Z 
position by adjusting the micrometer and check the beams until the sizes 
are approximately the same. 

57. Adjust the tip and tilt of the double pass mirror to maximize the DC 
voltage on the oscilloscope. The optimized DC voltage should be around 
800mV when Opti-phase detector is at 5k gain. The Y∆ separation of the 
two beams on 0th order direction should also be about 2 to 3mm. 

58. Use Fast OCT software to control the scan mirror oscillating at normal 
amplitude (2mm scan depth). Observe the detector output waveform on 
the oscilloscope. The waveform should be optimized with the least 
variation and keep the DC level close to the highest level. This fluctuation 
is the noise introduced by the mechanical system. It has rich high order 
harmonics which lies in the Fast OCT signal bandwidth. 

59. Adjust only the scan mirror micrometer and the double pass mirror tip and 
tilt to minimize the fluctuation. 

60. The peak to peak fluctuation of the detector waveform should be around 
10% when optimized.  

 
♦  Alignment of the in-air sample arm 

1. Unblock the sample arm and block the reference arm when aligning the sample 
arm.  
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2. The detail of the alignment is the same as the slow OCT system in the lab. 
3. The sample arm is aligned to have the maximum back reflection from the mirror 

in the sample arm. 
 

♦  Final alignment of the system 
1. Keep the mirror in the sample arm at the point with maximum back reflection. 
2. Unblock the reference arm; run the Fast OCT software to scan the reference scan 

mirror. Adjust the length of the reference arm by adjusting the micrometer on the 
collimator holder. Place the interference signal to about 25% from the top of the 
coherence window. 

3. Adjust the scan mirror X position in order to adjust the center frequency to be 
about 40 KHz at 200 A-scan/second with a scanning depth of 2mm. The scan 
depth can be calibrated by putting a 0.5mm cuvette in the sample arm.  

4. Connect the lock-in amplifier between the Optic-phase detector and the computer 
and use the Fast OCT software to measure the PSF of the interference signal 
envelope. 

5. Block the sample arm. Connect the detector to the oscilloscope to measure the DC 
signal. Adjust the position between the lens and the grating mirror in the reference 
arm as well as the Z position of the reference arm scan mirror. The DC value 
should be the same before and after the adjustment. Remember the direction of 
the lens position adjustment 

6.  Connect the detector to the Lock-in amplifier again with AC coupling. Unblock 
the sample arm. Measure the PSF of the A-scan using the Fast OCT software 
again. Compare the PSF with the previous measured value. If the PSF is improved, 
do (5) again by adjusting the lens in the same direction as remembered.  If the 
PSF is degraded, move the lens in the opposite direction. 

7. Reiterate steps (5) and (6) until the PSF is optimized. 
8. Adjust the polarization paddle in the sample arm to maximize the interference 

signal. 
9. Use 1mm grid or ruler to calibrate lateral scanning length 
10. Put the ND filter in the reference arm to maximize the signal to noise ratio. 
11. Set A-scans/second, points/A-scan, A-scan number to the desired values and  

adjust the shift factor 
12. Start taking images. 
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APPENDIX C: OCM ASP COMPONENT LIST AND CIRCUIT 

SCHEMATIC 

Component Quantity Note 
555 timer 1 Timer 
74LS163 5 4bit counter 
74LS14 1 Schmitt trigger 
OPA552 1 op-amp 

LTC1569-7 1 LPF 

MAX875 1 
Voltage 

reference 
OP37 7 op-amp 
AD734 8 Mulitiplier 

LTC1569-6 4 LPF 
   

47Ω 4 Resistor 
51Ω 1 Resistor 

750Ω 1 Resistor 
1KΩ 2 Resistor 

1.3KΩ 1 Resistor 
2KΩ 1 Resistor 

2.2KΩ 4 Resistor 
2.4KΩ 1 Resistor 
5KΩ 7 Resistor 

5.1KΩ 6 Resistor 
7.5KΩ 1 Resistor 
10KΩ 17 Resistor 
30KΩ 8 Resistor 

   
10KΩ 1 Potential Meter 
20KΩ 1 Potential Meter 
50KΩ 3 Potential Meter 

   
22pF 1 Capacitor 
47pF 10 Capacitor 

0.01uF 1 Capacitor 
0.1uF 8 Capacitor 
330uF 1 Capacitor 
0.22uF 40 Capacitor 
10uF 5 Capacitor 

   
10nF 1 Capacitor 
100pF 6 Capacitor 
20uF 8 Capacitor 
5nF 4 Capacitor 
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♦  OCM circuit schematic #1: RSG and piezo driver  
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♦  OCM circuit schematic #2: LIAs and output monitor 
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APPENDIX D: PIN DESCRIPTION AND LAYOUT FOR    

T5AY-AE 

 

Pin description 

 

Pin # Name Description 
1 U1_Bn20 Bias voltage -2.0V 
2 U1_Bp20 Bias voltage +2.0V 
3 U4_GND GND for OP-AMPs & fixed gain stage 
4 U4_Vin1 Positive input of OTA integrator 
5 U4_Vin2 Negative input of OTA integrator 
6 U4_Vss Vss for OP-AMPs & OTA integrator  stage 
7 U4_Vdd Vdd for OP-AMPs & OTA integrator  stage 
8 U4_HPF OTA integrator cutoff frequency 
9 U4_Vo2 Negative output of OTA integrator 
10 U4_Vo1 Positive output of OTA integrator 
11 U2_Vin1 Positive input of single output Op-Amp 
12 U2_Vin2 Negative input single output Op-Amp 
13 U2_Vo Output of single output Op-Amp 
14 U3_Vin1 Positive input of differential Op-Amp 
15 U3_Vin2 Negative input of differential Op-Amp 
16 U3_Vo1 Positive output of differential Op-Amp 
17 U3_Vo2 Negative output of differential Op-Amp 
18 U5_gain TIA gain control 
19 U5_Vo2 Negative output of TIA 
20 U5_Vo1 Positive output of TIA 
21 U5_Vss Vss of TIA 
22 U5_GND GND of TIA 
23 U5_Vdd Vdd of TIA 
24 U5_HPF TIA HPF cutoff frequency control 
25 (Not Used) (Not Available) 
26 U1_Vss Vss for Bias test circuit 
27 U1_Vdd Vdd for Bias test circuit 
28 U1_Bn25 Bias voltage -2.5V 
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Layout 

 

 

 
 



170 

APPENDIX E: PIN DESCRIPTION AND LAYOUT FOR   

T5BO-AC 

 

Pin description 

 

PIN # Name Description 
1 U7_GND GND for SC-LPF 
2 U7_Vdd Vdd for SC-LPF 
3 U7_Vctrl Control voltage for clock generator 
4,510,11,12,19 (Not Used) (Not Available) 
6 U7_nO Clock signal of �Not ODD�  
7 U7_nE Clock signal of �Not EVEN� 
8 U7_E Clock signal of �EVEN� 
9 U7_O Clock signal of �ODD� 
13 U7_Vo SC-LPF output 
14 U7_Vin SC-LPF input 
15 U6_100k0 Mixer reference signal 100KHz 0o 
16 U6_100k180 Mixer reference signal 100KHz 180o 
17 U6_Vin1 Mixer positive input 
18 U6_Vin2 Mixer negative input 
20 U6_Vo Mixer output 
21 U6_GND Mixer GND 
22 U8_Vin1 differential gain positive input 
23 U8_Vin2 Differential gain negative input 
24 U8_Vo2 Differential gain negative output 
25 U8_Vo1 Differential gain positive output 
26 U8_Vss Vss for differential gain and mixer 
27 U8_Vdd Vdd for differential gain and mixer 
28 U7_Vss Vss for SC-LPF 
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Layout 
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APPENDIX F: PIN DESCRIPTION AND LAYOUT FOR CHIP 

T5BO-AB 

 

Pin description 

 

PIN # Symbol Description 
1,2,3,4,5,22,23,
24,25,26,27,28 

(Not Used) (Not Available) 

6 U9_Vss_A Vss for analog circuit 
7 U9_GND_A GND for analog circuit 
8 U9_Vdd_A Vdd for analog circuit 
9 U9_TIA_gain TIA gain control 
10 U9_HPF_tune HPF cutoff frequency control 
11 U9_100k0 Mixer reference signal 100KHz with 0 

degree phase 
12 U9_100k180 Mixer reference signal 100KHz with 180 

degree phase 
13 U9_100K90 Mixer reference signal 100KHz with 90 

degree phase 
14 U9_100K270 Mixer reference signal 100KHz with 270 

degree phase 
15 U9_LPF_tune LPF cutoff frequency control 
16 U9_CLOCK CLOCK signal monitoring 
17 U9_Vdd_D Vdd for digital circuit 
18 U9_GND_D GND for digital circuit 
19 U9_Vss_D Vss for digital circuit 
20 U9_X Lock-in amplifier X channel output 
21 U9_Y Lock-in amplifier Y channel output 
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Layout 
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APPENDIX G: SOURCE CODE OF ONE CHANNEL CIRCUIT 

SIMULATION 
.SUBCKT Amplifier_2stage_differential_2a Vin+ Vin- Vo+ Vo- Gnd Vcc Vdd Vn4 
Capacitor_2 Vo- u1e 0.316pF 
ccomp u1f Vo+ 0.316pF 
M1 u1a Vn4 Vcc Vcc NMOS L=5.6u W=8u AD=120p PD=52u AS=120p PS=52u  
M2 Vo- Vn4 Vcc Vcc NMOS L=2.4u W=20u AD=50p PD=25u AS=50p PS=25u  
M3 u1d Vn4 Vcc Vcc NMOS L=5.6u W=8u AD=120p PD=52u AS=120p PS=52u  
M4 u1b Vin- u1a Vcc NMOS L=5.6u W=10u AD=60p PD=32u AS=60p PS=32u  
M5 u1c Vin+ u1a Vcc NMOS L=5.6u W=10u AD=60p PD=32u AS=60p PS=32u  
M6 Vo+ Vn4 Vcc Vcc NMOS L=2.4u W=20u AD=50p PD=25u AS=50p PS=25u  
M7 u1h Vn4 Vcc Vcc NMOS L=5.6u W=4u AD=60p PD=32u AS=60p PS=32u  
MOSFET_P_1 u1b u1d u1j Vdd pmos L=5.6u W=8u  
MOSFET_P_6 u1c u1d u1j Vdd pmos L=5.6u W=8u  
MOSFET_P_7 Vo- u1b Vdd Vdd pmos L=2.4u W=40u  
MOSFET_P_8 u1e u1h u1b Vdd pmos L=2.4u W=40u  
MOSFET_P_9 u1d u1d u1i Vdd pmos L=5.6u W=16u  
MOSFET_P_10 Vo+ u1c Vdd Vdd pmos L=2.4u W=40u  
MOSFET_P_11 u1h u1h u1g Vdd pmos L=5.6u W=8u  
MOSFET_P_12 u1g u1g Vdd Vdd pmos L=5.6u W=8u  
MOSFET_P_13 u1f u1h u1c Vdd pmos L=2.4u W=40u  
M8 u1j Gnd Vdd Vdd PMOS L=6.4u W=8u AD=60p PD=32u AS=60p PS=32u 
M9 u1i Vo+ Vdd Vdd PMOS L=6.4u W=4u AD=30p PD=22u AS=30p PS=22u 
M10 u1i Vo- Vdd Vdd PMOS L=6.4u W=4u AD=30p PD=22u AS=30p PS=22u 
.ENDS 
 
.SUBCKT Module_OTA_new6_lvs HPF_tune Vin+ Vin- Vout+ Vout- Vcc Vdd Vn25 
M1 Vbias3 Vbias3 Vbias4 Vcc NMOS L=4u W=8u AD=48p PD=28u AS=48p PS=28u  
M2 Vbias4 Vbias4 Vcc Vcc NMOS L=12u W=4u AD=48p PD=28u AS=48p PS=28u  
M3 u2k Vbias4 Vcc Vcc NMOS L=12u W=4u AD=48p PD=28u AS=48p PS=28u  
M4 u2j Vbias4 Vcc Vcc NMOS L=12u W=4u AD=48p PD=28u AS=48p PS=28u  
M5 u2h Vn25 u2j Vcc NMOS L=4u W=8u AD=66p PD=24u AS=66p PS=24u  
M6 u2f Vbias4 Vcc Vcc NMOS L=12u W=4u AD=48p PD=28u AS=48p PS=28u  
M7 u2g Vbias4 Vcc Vcc NMOS L=12u W=4u AD=48p PD=28u AS=48p PS=28u  
M8 Vout- Vbias3 u2f Vcc NMOS L=4u W=8u AD=48p PD=28u AS=48p PS=28u  
M9 Vout+ Vbias3 u2g Vcc NMOS L=4u W=8u AD=48p PD=28u AS=48p PS=28u  
M10 u2h Vn25 u2k Vcc NMOS L=4u W=8u AD=66p PD=24u AS=66p PS=24u  
M11 u2i Vout+ u2k Vcc NMOS L=4u W=8u AD=66p PD=24u AS=66p PS=24u  
M12 u2i Vout- u2j Vcc NMOS L=4u W=8u AD=66p PD=24u AS=66p PS=24u  
M13 u2d Vin+ u2a Vcc NMOS L=8u W=8u AD=66p PD=24u AS=66p PS=24u  
M14 u2a u2a u2c Vcc NMOS L=8u W=8u AD=66p PD=24u AS=66p PS=24u  
M15 u2e Vin- u2b Vcc NMOS L=8u W=8u AD=66p PD=24u AS=66p PS=24u  
M16 u2b u2b u2c Vcc NMOS L=8u W=8u AD=66p PD=24u AS=66p PS=24u  
M17 HPF_tune HPF_tune Vcc Vcc NMOS L=3.2u W=24u AD=36p PD=24u AS=36p PS=24u  
M18 u2c Vbias4 Vcc Vcc NMOS L=12u W=4u AD=48p PD=28u AS=48p PS=28u  
M19 Vbias2 HPF_tune Vcc Vcc NMOS L=12u W=4u AD=36p PD=24u AS=36p PS=24u  
MOSFET_P_1 Vout+ Vbias2 u2e Vdd pmos L=4u W=16u  
MOSFET_P_2 u2h u2h Vdd Vdd pmos L=12u W=9.6u  
MOSFET_P_3 u2i u2i Vdd Vdd pmos L=12u W=9.6u  
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MOSFET_P_4 u2d u2h Vdd Vdd pmos L=12u W=14.4u  
MOSFET_P_5 Vbias2 Vbias2 N3 Vdd pmos L=4u W=16u  
MOSFET_P_6 Vbias3 Vbias2 N4 Vdd pmos L=4u W=16u  
MOSFET_P_7 u2e u2h Vdd Vdd pmos L=12u W=14.4u  
MOSFET_P_8 Vout- Vbias2 u2d Vdd pmos L=4u W=16u  
MOSFET_P_9 N3 N3 Vdd Vdd pmos L=12u W=14.4u  
MOSFET_P_10 N4 N3 Vdd Vdd pmos L=12u W=14.4u  
.ENDS 
 
.SUBCKT lvs_Module_TIA HPF_tune In+ In- TIA_gain Vout+ Vout- Gnd Vcc Vdd Vn4 
+ Vn25 
XAmplifier_2stage_differential_2a_1 In- Vaa Vout+ Vout- Gnd Vcc Vdd Vn4 
+ Amplifier_2stage_differential_2a 
C1 F Gnd 4.5pF 
C2 Gnd E 4.5pF 
C3 E F 13.7pF 
C4 In- Vout- 1pf 
C5 Vaa Vout+ 1pf 
XModule_OTA_new6_lvs_1 HPF_tune Vout- Vout+ E F Vcc Vdd Vn25 
+ Module_OTA_new6_lvs 
M6 In+ E G Vcc NMOS L=12u W=6.4u AD=24p PD=20u AS=24p PS=20u  
M7 N F G Vcc NMOS L=12u W=6.4u AD=24p PD=20u AS=24p PS=20u  
M8 Vout+ TIA_gain N17 Vcc NMOS L=50u W=4u AD=50p PD=40u AS=50p PS=40u  
M9 In- Gnd N Vcc NMOS L=2.4u W=14.4u AD=50p PD=40u AS=50p PS=40u  
M10 Vout- TIA_gain N28 Vcc NMOS L=50u W=4u AD=50p PD=40u AS=50p PS=40u  
M11 G Vn4 Vcc Vcc NMOS L=4u W=16u AD=32p PD=20u AS=32p PS=20u  
M12 Vaa Gnd In+ Vcc NMOS L=2.4u W=14.4u AD=50p PD=40u AS=50p PS=40u  
M13 c In- b Vcc NMOS L=4u W=8u AD=24p PD=20u AS=24p PS=20u  
M14 J Gnd b Vcc NMOS L=4u W=8u AD=24p PD=20u AS=24p PS=20u  
M15 a Vn4 Vcc Vcc NMOS L=4u W=8u AD=300p PD=112u AS=300p PS=112u  
M16 b Vn4 Vcc Vcc NMOS L=4u W=8u AD=300p PD=112u AS=300p PS=112u  
M17 J Gnd a Vcc NMOS L=4u W=8u AD=24p PD=20u AS=24p PS=20u  
M18 c Vaa a Vcc NMOS L=4u W=8u AD=24p PD=20u AS=24p PS=20u  
M19 In- Gnd I Vdd PMOS L=3.2u W=12.8u AD=50p PD=30u AS=50p PS=30u 
M20 H J Vdd Vdd PMOS L=4u W=8u AD=50p PD=30u AS=50p PS=30u 
M21 Vaa Vcc N17 Vdd PMOS L=2.4u W=22.4u AD=50p PD=30u AS=50p PS=30u 
M22 In- Vcc N28 Vdd PMOS L=2.4u W=22.4u AD=50p PD=30u AS=50p PS=30u 
M23 c c Vdd Vdd PMOS L=4u W=8u AD=50p PD=30u AS=50p PS=30u 
M24 Vaa Gnd H Vdd PMOS L=3.2u W=12.8u AD=50p PD=30u AS=50p PS=30u 
M25 J J Vdd Vdd PMOS L=4u W=8u AD=50p PD=30u AS=50p PS=30u 
M26 I J Vdd Vdd PMOS L=4u W=8u AD=50p PD=30u AS=50p PS=30u 
.ENDS 
 
.SUBCKT lvs_PADAREF Connector Vcc Vdd 
C1 Connector Vcc 212fF 
M2 Connector Vcc Vcc Vcc NMOS L=1.6u W=236.8u AD=66p PD=24u AS=66p PS=24u  
M3 Connector Vdd Vdd Vdd PMOS L=1.6u W=451.2u AD=66p PD=24u AS=66p PS=24u 
.ENDS 
 
.SUBCKT lvs_PADAREF_digital Connector Vcc Vddd 
C1 Connector Vcc 212fF 
M2 Connector Vcc Vcc Vcc NMOS L=1.6u W=236.8u AD=66p PD=24u AS=66p PS=24u  
M3 Connector Vddd Vddd Vddd PMOS L=1.6u W=451.2u AD=66p PD=24u AS=66p PS=24u 
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.ENDS 
 
.SUBCKT lvs_PADGND Connector Vdd 
M1 Connector Vdd Vdd Vdd PMOS L=1.6u W=451.2u AD=66p PD=24u AS=66p PS=24u 
.ENDS 
 
.SUBCKT lvs_PADGND_digital Connector Vddd 
M1 Connector Vddd Vddd Vddd PMOS L=1.6u W=451.2u AD=66p PD=24u AS=66p PS=24u 
.ENDS 
 
.SUBCKT lvs_PADVDD Connector Vcc 
C1 Connector Vcc 212fF 
M2 Connector Vcc Vcc Vcc NMOS L=1.6u W=236.8u AD=66p PD=24u AS=66p PS=24u  
.ENDS 
 
.SUBCKT Module_amplifier_2stage_3d Vin+ Vin- Vo Vcc Vddd Vn4_2 
Capacitor_1 N2 Vo 0.61pF 
M1 vf1 Vin+ vn1 Vcc NMOS L=8u W=16u AD=60p PD=32u AS=60p PS=32u  
M2 vn1 Vn4_2 Vcc Vcc NMOS L=8u W=16u AD=120p PD=52u AS=120p PS=52u  
M3 Vo Vn4_2 Vcc Vcc NMOS L=3.2u W=48u AD=300p PD=112u AS=300p PS=112u  
M4 vm1 Vin- vn1 Vcc NMOS L=8u W=16u AD=60p PD=32u AS=60p PS=32u  
M5 N7 Vn4_2 Vcc Vcc NMOS L=8u W=8u AD=60p PD=32u AS=60p PS=32u  
MOSFET_P_1 N8 N8 Vddd Vddd pmos L=8u W=20u  
MOSFET_P_2 N2 N7 vf1 Vddd pmos L=3.2u W=120u  
MOSFET_P_4 vm1 vm1 Vddd Vddd pmos L=8u W=20u  
MOSFET_P_5 vf1 vm1 Vddd Vddd pmos L=8u W=20u  
MOSFET_P_6 N7 N7 N8 Vddd pmos L=8u W=20u  
MOSFET_P_7 Vo vf1 Vddd Vddd pmos L=3.2u W=120u  
.ENDS 
 
.SUBCKT Module_NAND in1 in2 out Vcc Vddd 
M2 out in1 N2 Vcc NMOS L=2.4u W=4u AD=30p PD=22u AS=30p PS=22u  
M1 N2 in2 Vcc Vcc NMOS L=2.4u W=4u AD=30p PD=22u AS=30p PS=22u  
M3 out in1 Vddd Vddd PMOS L=2.4u W=9.6u AD=72p PD=36u AS=72p PS=36u 
M4 out in2 Vddd Vddd PMOS L=2.4u W=9.6u AD=72p PD=36u AS=72p PS=36u 
.ENDS 
 
.SUBCKT Module_not in out Vcc Vddd 
M1 out in Vcc Vcc NMOS L=2.4u W=4u AD=30p PD=22u AS=30p PS=22u  
M2 out in Vddd Vddd PMOS L=2.4u W=9.6u AD=72p PD=36u AS=72p PS=36u 
.ENDS 
 
.SUBCKT Module_D_flipflop CLK D nQ Q Vcc Vddd 
XModule_NAND_11 CLK D DFF1 Vcc Vddd Module_NAND 
XModule_NAND_12 DFF1 CLK DFF2 Vcc Vddd Module_NAND 
XModule_NAND_13 DFF1 DFF4 DFF3 Vcc Vddd Module_NAND 
XModule_NAND_14 DFF2 DFF3 DFF4 Vcc Vddd Module_NAND 
XModule_NAND_15 DFF3 DFF7 DFF5 Vcc Vddd Module_NAND 
XModule_NAND_16 DFF4 DFF7 DFF6 Vcc Vddd Module_NAND 
XModule_NAND_17 DFF5 nQ Q Vcc Vddd Module_NAND 
XModule_NAND_18 DFF6 Q nQ Vcc Vddd Module_NAND 
XModule_not_1 CLK DFF7 Vcc Vddd Module_not 
.ENDS 
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.SUBCKT Module_schmitt_trigger in out Vcc Vddd 
M1 schmitt2 in Vcc Vcc NMOS L=3.2u W=4.8u AD=30p PD=22u AS=30p PS=22u  
M2 Vddd out schmitt2 Vcc NMOS L=3.2u W=4.8u AD=30p PD=22u AS=30p PS=22u  
M3 out in schmitt2 Vcc NMOS L=3.2u W=4.8u AD=30p PD=22u AS=30p PS=22u  
M4 schmitt1 in Vddd Vddd PMOS L=3.2u W=12u AD=72p PD=36u AS=72p PS=36u 
M5 Vcc out schmitt1 Vddd PMOS L=3.2u W=12u AD=72p PD=36u AS=72p PS=36u 
M6 out in schmitt1 Vddd PMOS L=3.2u W=12u AD=72p PD=36u AS=72p PS=36u 
.ENDS 
 
.SUBCKT Module_VCO_schmitt_trigger_250KHz VCO+ VCO- V_ctrl Vcc Vddd 
C1 vco4 Vcc 3.7pF 
XModule_D_flipflop_2 vco6 VCO- VCO- VCO+ Vcc Vddd Module_D_flipflop 
XModule_schmitt_trigger_2 vco4 vco5 Vcc Vddd Module_schmitt_trigger 
M2 V_ctrl V_ctrl Vcc Vcc NMOS L=4u W=9.6u AD=30p PD=22u AS=30p PS=22u  
M3 vco4 vco6 vco3 Vcc NMOS L=2.4u W=4.8u AD=30p PD=22u AS=30p PS=22u  
M4 vco6 vco5 Vcc Vcc NMOS L=3.2u W=4.8u AD=30p PD=22u AS=30p PS=22u  
M5 vco1 V_ctrl Vcc Vcc NMOS L=4u W=4.8u AD=30p PD=22u AS=30p PS=22u  
M6 vco3 V_ctrl Vcc Vcc NMOS L=4u W=4.8u AD=30p PD=22u AS=30p PS=22u  
M7 vco6 vco5 Vddd Vddd PMOS L=3.2u W=12u AD=72p PD=36u AS=72p PS=36u 
M8 vco4 vco6 vco2 Vddd PMOS L=2.4u W=12u AD=72p PD=36u AS=72p PS=36u 
M9 vco1 vco1 Vddd Vddd PMOS L=4u W=12u AD=72p PD=36u AS=72p PS=36u 
M10 vco2 vco1 Vddd Vddd PMOS L=4u W=12u AD=72p PD=36u AS=72p PS=36u 
.ENDS 
 
.SUBCKT Module_clock_generator_4 E nE nO O V_ctrl Vcc Vddd 
C1 cg5 Vcc 2.18pF 
C2 Vcc cg6 2.18pF 
XModule_VCO_schmitt_trigger_250KHz_2 CLK cgn V_ctrl Vcc Vddd 
+ Module_VCO_schmitt_trigger_250KHz 
M3 nE E Vcc Vcc NMOS L=1.6u W=20u AD=96p PD=44u AS=96p PS=44u  
M4 O cg5 Vcc Vcc NMOS L=1.6u W=20u AD=96p PD=44u AS=96p PS=44u  
M5 nO O Vcc Vcc NMOS L=1.6u W=20u AD=96p PD=44u AS=96p PS=44u  
M6 N2 cg4 Vcc Vcc NMOS L=1.6u W=4u AD=20p PD=20u AS=20p PS=20u  
M7 E cg6 Vcc Vcc NMOS L=1.6u W=20u AD=96p PD=44u AS=96p PS=44u  
M8 N3 cg3 Vcc Vcc NMOS L=1.6u W=4u AD=20p PD=20u AS=20p PS=20u  
M9 cg4 O Vcc Vcc NMOS L=1.6u W=4u AD=20p PD=20u AS=20p PS=20u  
M10 cg4 nCLK Vcc Vcc NMOS L=1.6u W=4u AD=20p PD=20u AS=20p PS=20u  
M11 cg3 E Vcc Vcc NMOS L=1.6u W=4u AD=20p PD=20u AS=20p PS=20u  
M12 cg3 CLK Vcc Vcc NMOS L=1.6u W=4u AD=20p PD=20u AS=20p PS=20u  
M13 nCLK CLK Vcc Vcc NMOS L=1.6u W=4u AD=20p PD=20u AS=20p PS=20u  
M14 cg3 E cg1 Vddd PMOS L=1.6u W=9.6u AD=60p PD=32u AS=60p PS=32u 
M15 nE E Vddd Vddd PMOS L=1.6u W=48u AD=288p PD=108u AS=288p PS=108u 
M16 nO O Vddd Vddd PMOS L=1.6u W=48u AD=288p PD=108u AS=288p PS=108u 
M17 E cg6 Vddd Vddd PMOS L=1.6u W=48u AD=288p PD=108u AS=288p PS=108u 
M18 N2 cg4 Vddd Vddd PMOS L=1.6u W=9.6u AD=60p PD=32u AS=60p PS=32u 
M19 cg4 O cg2 Vddd PMOS L=1.6u W=9.6u AD=60p PD=32u AS=60p PS=32u 
M20 O cg5 Vddd Vddd PMOS L=1.6u W=48u AD=288p PD=108u AS=288p PS=108u 
M21 N3 cg3 Vddd Vddd PMOS L=1.6u W=9.6u AD=60p PD=32u AS=60p PS=32u 
M22 cg2 nCLK Vddd Vddd PMOS L=1.6u W=9.6u AD=60p PD=32u AS=60p PS=32u 
M23 cg1 CLK Vddd Vddd PMOS L=1.6u W=9.6u AD=60p PD=32u AS=60p PS=32u 
M24 nCLK CLK Vddd Vddd PMOS L=1.6u W=9.6u AD=60p PD=32u AS=60p PS=32u 
R25 N3 cg5 10K TC=0.0, 0.0 
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R26 N2 cg6 10K TC=0.0, 0.0 
.ENDS 
 
.SUBCKT Module_fixed_gain_stage4 Vin+ Vin- Vo+ Vo- Vcc Vdd Vp35 
M1 Vcc Vcc Vo+ Vo+ PMOS L=16u W=6.4u AD=20p PD=20u AS=20p PS=20u 
M2 N1 Vp35 Vdd Vdd PMOS L=8u W=19.2u AD=192p PD=76u AS=192p PS=76u 
M3 Vcc Vcc Vo- Vo- PMOS L=16u W=6.4u AD=20p PD=20u AS=20p PS=20u 
M4 Vo- Vin+ N1 Vdd PMOS L=3.2u W=21u AD=768p PD=268u AS=768p PS=268u 
M5 Vo+ Vin- N1 Vdd PMOS L=3.2u W=21u AD=768p PD=268u AS=768p PS=268u 
.ENDS 
 
.SUBCKT Module_Mixer_differential_3 In1+ In1- In2+ In2- Out Gndd Vcc Vddd Vn4_2 
Capacitor_1 Iout Out 3pF 
XModule_amplifier_2stage_3d_1 Gndd Iout Out Vcc Vddd Vn4_2 
+ Module_amplifier_2stage_3d 
M1 Iout Iout w Vcc NMOS L=1.6u W=48u AD=600p PD=212u AS=600p PS=212u  
M2 bbb Iout v Vcc NMOS L=1.6u W=48u AD=600p PD=212u AS=600p PS=212u  
M3 w In1- x Vcc NMOS L=3.2u W=32u AD=120p PD=52u AS=120p PS=52u  
M4 y In2- z Vcc NMOS L=2.4u W=16u AD=240p PD=92u AS=240p PS=92u  
M5 z Vn4_2 Vcc Vcc NMOS L=4.8u W=96u AD=30p PD=22u AS=30p PS=22u  
M6 x In2+ z Vcc NMOS L=2.4u W=16u AD=240p PD=92u AS=240p PS=92u  
M7 v In1+ x Vcc NMOS L=3.2u W=32u AD=120p PD=52u AS=120p PS=52u  
M8 v In1- y Vcc NMOS L=3.2u W=32u AD=120p PD=52u AS=120p PS=52u  
M9 w In1+ y Vcc NMOS L=3.2u W=32u AD=120p PD=52u AS=120p PS=52u  
M10 N33 aaa Vddd Vddd PMOS L=3.2u W=32u AD=60p PD=212u AS=600p PS=212u 
M11 aaa aaa Vddd Vddd PMOS L=3.2u W=32u AD=60p PD=212u AS=600p PS=212u 
M12 Iout bbb N33 Vddd PMOS L=2.4u W=24u AD=60p PD=212u AS=600p PS=212u 
M13 bbb bbb aaa Vddd PMOS L=2.4u W=24u AD=60p PD=212u AS=600p PS=212u 
R14 Iout Out 52K TC=0.0, 0.0 
.ENDS 
 
.SUBCKT switch_min neg port1 port2 pos Vcc Vddd 
M1 port1 pos port2 Vcc NMOS L=1.6u W=4u AD=16p PD=16u AS=16p PS=16u  
M2 port2 neg port1 Vddd PMOS L=1.6u W=4u AD=16p PD=16u AS=16p PS=16u 
.ENDS 
 
* Main circuit: postlayout_chip3_v2 
.INCLUDE "OCT_mirror.txt" 
C1 N5 N175 1pF 
C2 N7 N175 1pF 
C3 N68 N10 4.785pF 
C4 Gndd N10 1.44pF 
C5 N13 N198 1pF 
C6 N71 N70 4.785pF 
C7 N17 N18 1pF 
C8 N18 N19 1pF 
C9 N74 N21 4.785pF 
C10 N198 N19 1pF 
C11 Gndd N79 1pF 
C12 Gndd N21 1pF 
C13 Gndd N70 1pF 
C14 Gndd N35 1pF 
C15 N233 N37 1pF 
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C16 N77 N35 4.785pF 
C17 N36 N37 1pF 
C18 N38 N36 1pF 
C19 N80 N79 4.785pF 
C20 N41 N233 1pF 
C21 Gndd N46 1.44pF 
C22 N83 N46 4.785pF 
C23 N47 N256 1pF 
C24 N49 N256 1pF 
C25 U9_X Vcc 15pF 
C26 U9_Y Vcc 15pF 
Capacitor_27 Gndd U9_100K270 0.5pF 
C27 In- In+ 0.1pf 
Capacitor_29 Gndd U9_100K90 0.5pF 
Capacitor_30 Gndd U9_100K180 0.5pF 
Capacitor_31 Gndd U9_100K0 0.5pF 
D28 In+ In- DIODE area=1 
.include "d:/OCT_lab/parallel_OCT_project/POCT_design/hspice_design/POCT_design012406.lib" 
Xlvs_Module_TIA_2 U9_HPF In+ In- U9_gain TIA1 TIA2 Gnd Vcc Vdd Vn4 Vn25 
+ lvs_Module_TIA 
Xlvs_PADAREF_1 U9_HPF Vcc Vdd lvs_PADAREF 
Xlvs_PADAREF_2 U9_gain Vcc Vdd lvs_PADAREF 
Xlvs_PADAREF_3 Gnd Vcc Vdd lvs_PADAREF 
Xlvs_PADAREF_digital_1 Gndd Vcc Vddd lvs_PADAREF_digital 
Xlvs_PADAREF_digital_2 U9_100K0 Vcc Vddd lvs_PADAREF_digital 
Xlvs_PADAREF_digital_3 U9_100K180 Vcc Vddd lvs_PADAREF_digital 
Xlvs_PADAREF_digital_4 U9_100K90 Vcc Vddd lvs_PADAREF_digital 
Xlvs_PADAREF_digital_5 U9_100K270 Vcc Vddd lvs_PADAREF_digital 
Xlvs_PADAREF_digital_6 U9_Vctrl Vcc Vddd lvs_PADAREF_digital 
Xlvs_PADAREF_digital_7 U9_X Vcc Vddd lvs_PADAREF_digital 
Xlvs_PADAREF_digital_8 U9_Y Vcc Vddd lvs_PADAREF_digital 
Xlvs_PADAREF_digital_9 U9_CLOCK Vcc Vddd lvs_PADAREF_digital 
Xlvs_PADGND_1 Vcc Vdd lvs_PADGND 
Xlvs_PADGND_digital_1 Vcc Vddd lvs_PADGND_digital 
Xlvs_PADVDD_1 Vddd Vcc lvs_PADVDD 
Xlvs_PADVDD_2 Vdd Vcc lvs_PADVDD 
XModule_amplifier_2stage_3d_1 Gndd N68 N10 Vcc Vddd Vn4_2 
+ Module_amplifier_2stage_3d 
XModule_amplifier_2stage_3d_2 Gndd N71 N70 Vcc Vddd Vn4_2 
+ Module_amplifier_2stage_3d 
XModule_amplifier_2stage_3d_3 Gndd N74 N21 Vcc Vddd Vn4_2 
+ Module_amplifier_2stage_3d 
XModule_amplifier_2stage_3d_4 Gndd N77 N35 Vcc Vddd Vn4_2 
+ Module_amplifier_2stage_3d 
XModule_amplifier_2stage_3d_5 Gndd N80 N79 Vcc Vddd Vn4_2 
+ Module_amplifier_2stage_3d 
XModule_amplifier_2stage_3d_6 Gndd N83 N46 Vcc Vddd Vn4_2 
+ Module_amplifier_2stage_3d 
XModule_clock_generator_4_2 E nE nO O U9_Vctrl Vcc Vddd 
+ Module_clock_generator_4 
XModule_fixed_gain_stage4_1 TIA2 TIA1 DGS1 DGS2 Vcc Vdd Vp35 
+ Module_fixed_gain_stage4 
XModule_Mixer_differential_3_1 DGS1 DGS2 U9_100K0 U9_100K180 Mixer1 Gndd Vcc 
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+ Vddd Vn4_2 Module_Mixer_differential_3 
XModule_Mixer_differential_3_2 DGS1 DGS2 U9_100K90 U9_100K270 Mixer2 Gndd Vcc 
+ Vddd Vn4_2 Module_Mixer_differential_3 
E_mult29 ooo 0 Vol='V(U9_X,0)*V(U9_X,0)+V(U9_Y,0)*V(U9_Y,0)' 
M30 Vn25 Vn25 Vcc Vcc NMOS L=16u W=20u AD=20p PD=18u AS=20p PS=18u  
M31 Vn4 Vn4 Vcc Vcc NMOS L=8u W=40u AD=20p PD=18u AS=20p PS=18u  
M32 Vn4_2 Vn4_2 Vcc Vcc NMOS L=8u W=40u AD=20p PD=18u AS=20p PS=18u  
M33 N243 N245 N242 Vcc NMOS L=8u W=32u AD=20p PD=18u AS=20p PS=18u  
M34 N245 N242 Vcc Vcc NMOS L=8u W=32u AD=20p PD=18u AS=20p PS=18u  
M35 N239 N236 Vcc Vcc NMOS L=8u W=32u AD=20p PD=18u AS=20p PS=18u  
M36 Vp35 N239 N236 Vcc NMOS L=8u W=32u AD=20p PD=18u AS=20p PS=18u  
M37 U9_CLOCK nO Vcc Vcc NMOS L=1.6u W=20u AD=96p PD=44u AS=96p PS=44u  
M38 N239 Vp35 Vdd Vdd PMOS L=8u W=64u AD=9600p PD=3200u AS=9600p PS=3200u 
M39 N245 N243 Vddd Vddd PMOS L=8u W=64u AD=9600p PD=3200u AS=9600p PS=3200u 
M40 Vn4_2 N243 Vddd Vddd PMOS L=8u W=64u AD=9600p PD=3200u AS=9600p PS=3200u 
M41 N243 N243 Vddd Vddd PMOS L=8u W=64u AD=9600p PD=3200u AS=9600p PS=3200u 
M42 Vp35 Vp35 Vdd Vdd PMOS L=8u W=64u AD=9600p PD=3200u AS=9600p PS=3200u 
M43 Vn4 Vp35 Vdd Vdd PMOS L=8u W=64u AD=9600p PD=3200u AS=9600p PS=3200u 
M44 Vn25 Vp35 Vdd Vdd PMOS L=8u W=64u AD=9600p PD=3200u AS=9600p PS=3200u 
M45 U9_CLOCK nO Vddd Vddd PMOS L=1.6u W=48u AD=288p PD=108u AS=288p PS=108u 
R46 N242 Vcc 36K TC=0.0, 0.0 
R47 N21 U9_X 130K TC=0.0, 0.0 
R48 N236 Vcc 36K TC=0.0, 0.0 
R49 N35 U9_Y 130K TC=0.0, 0.0 
R50 N231 U9_100K180 0 TC=0.0, 0.0 
R51 N225 U9_100K90 0 TC=0.0, 0.0 
R52 N229 U9_100K270 0 TC=0.0, 0.0 
R53 Vddd U9_Vctrl 370K TC=0.0, 0.0 
R54 In+ In- 10Meg TC=0.0, 0.0 
R55 N230 U9_100K0 0 TC=0.0, 0.0 
vinput N247 In+ 0 
v56 Vdd Gnd 3.5 
v57 Gnd Vcc 3.5 
vhpf U9_HPF Vcc 0.73 
v58 U9_gain Gnd 2.1 
v59 Gndd Vcc 3.5 
v60 Vddd Gndd 3.5 
v61 N231 Gndd pulse(-3.5 3.5 0 25n 25n 4.975u 10u) 
v62 N230 Gndd pulse(-3.5 3.5 5u 25n 25n 4.975u 10u) 
v63 N229 Gndd pulse(-3.5 3.5 2.5u 25n 25n 4.975u 10u) 
v64 N225 Gndd pulse(-3.5 3.5 7.5u 25n 25n 4.975u 10u) 
vsrc N226 Gnd pwl(TIME pv1) 
Xswitch_min_1 nE N175 N68 E Vcc Vddd switch_min 
Xswitch_min_2 nE N5 Gndd E Vcc Vddd switch_min 
Xswitch_min_3 nO N175 Gndd O Vcc Vddd switch_min 
Xswitch_min_4 nO Mixer1 N5 O Vcc Vddd switch_min 
Xswitch_min_5 nE N7 N10 E Vcc Vddd switch_min 
Xswitch_min_6 nO N7 Gndd O Vcc Vddd switch_min 
Xswitch_min_7 nE N18 N74 E Vcc Vddd switch_min 
Xswitch_min_8 nO N13 Gndd O Vcc Vddd switch_min 
Xswitch_min_9 nE N10 N13 E Vcc Vddd switch_min 
Xswitch_min_10 nE N198 N71 E Vcc Vddd switch_min 
Xswitch_min_11 nO N198 Gndd O Vcc Vddd switch_min 
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Xswitch_min_12 nE N17 Gndd E Vcc Vddd switch_min 
Xswitch_min_13 nO N18 Gndd O Vcc Vddd switch_min 
Xswitch_min_14 nO N70 N17 O Vcc Vddd switch_min 
Xswitch_min_15 nE N19 N21 E Vcc Vddd switch_min 
Xswitch_min_16 nO N19 Gndd O Vcc Vddd switch_min 
Xswitch_min_17 nO N37 Gndd O Vcc Vddd switch_min 
Xswitch_min_18 nE N37 N35 E Vcc Vddd switch_min 
Xswitch_min_19 nO N79 N38 O Vcc Vddd switch_min 
Xswitch_min_20 nO N36 Gndd O Vcc Vddd switch_min 
Xswitch_min_21 nE N38 Gndd E Vcc Vddd switch_min 
Xswitch_min_22 nO N233 Gndd O Vcc Vddd switch_min 
Xswitch_min_23 nE N233 N80 E Vcc Vddd switch_min 
Xswitch_min_24 nE N46 N41 E Vcc Vddd switch_min 
Xswitch_min_25 nO N41 Gndd O Vcc Vddd switch_min 
Xswitch_min_26 nE N36 N77 E Vcc Vddd switch_min 
Xswitch_min_27 nO N47 Gndd O Vcc Vddd switch_min 
Xswitch_min_28 nE N47 N46 E Vcc Vddd switch_min 
Xswitch_min_29 nO Mixer2 N49 O Vcc Vddd switch_min 
Xswitch_min_30 nO N256 Gndd O Vcc Vddd switch_min 
Xswitch_min_31 nE N49 Gndd E Vcc Vddd switch_min 
Xswitch_min_32 nE N256 N83 E Vcc Vddd switch_min 
g65 N247 In- N226 Gnd 0.02 
e66 TIA_out Gnd TIA1 TIA2 1 
e67 DGS_out Gnd DGS1 DGS2 1 
* End of main circuit: postlayout_chip3_v2 
.END 
 
*T5BO SPICE BSIM3 VERSION 3.1 PARAMETERS 
* DATE: Jan 24/06 
* LOT: T5BO                  WAF: 1102 
.MODEL CMOSN NMOS (                                LEVEL   = 49 
+VERSION = 3.1            TNOM    = 27             TOX     = 3.17E-8 
+XJ      = 3E-7           NCH     = 7.5E16         VTH0    = 0.5154122 
+K1      = 0.9388127      K2      = -0.0752301     K3      = 7.1458967 
+K3B     = -2.4217616     W0      = 1.979517E-6    NLX     = 1E-8 
+DVT0W   = 0              DVT1W   = 0              DVT2W   = 0 
+DVT0    = 0.9251414      DVT1    = 0.4071829      DVT2    = -0.3660082 
+U0      = 629.4745546    UA      = 6.01168E-10    UB      = 3.605202E-18 
+UC      = 1.253282E-11   VSAT    = 1.050061E5     A0      = 0.6296696 
+AGS     = 0.1122949      B0      = 2.162152E-6    B1      = 5E-6 
+KETA    = -3.985225E-3   A1      = 0              A2      = 1 
+RDSW    = 3E3            PRWG    = -0.0290461     PRWB    = -0.0299166 
+WR      = 1              WINT    = 6.976172E-7    LINT    = 2.914439E-7 
+XL      = 0              XW      = 0              DWG     = -6.010432E-9 
+DWB     = 3.691496E-8    VOFF    = -0.012084      NFACTOR = 0.6268038 
+CIT     = 0              CDSC    = 2.975896E-6    CDSCD   = 6.212443E-6 
+CDSCB   = 5.533261E-5    ETA0    = 0.4845262      ETAB    = 0.6517978 
+DSUB    = 1              PCLM    = 1.9588332      PDIBLC1 = 0.0110461 
+PDIBLC2 = 3.644817E-3    PDIBLCB = -0.0219592     DROUT   = 0.0795384 
+PSCBE1  = 2.153596E9     PSCBE2  = 5.005E-10      PVAG    = 0.2222499 
+DELTA   = 0.01           RSH     = 52.8           MOBMOD  = 1 
+PRT     = 0              UTE     = -1.5           KT1     = -0.11 
+KT1L    = 0              KT2     = 0.022          UA1     = 4.31E-9 
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+UB1     = -7.61E-18      UC1     = -5.6E-11       AT      = 3.3E4 
+WL      = 0              WLN     = 1              WW      = 0 
+WWN     = 1              WWL     = 0              LL      = 0 
+LLN     = 1              LW      = 0              LWN     = 1 
+LWL     = 0              CAPMOD  = 2              XPART   = 0.5 
+CGDO    = 1.7E-10        CGSO    = 1.7E-10        CGBO    = 1E-9 
+CJ      = 2.798412E-4    PB      = 0.9829734      MJ      = 0.5403737 
+CJSW    = 1.386237E-10   PBSW    = 0.99           MJSW    = 0.1 
+CJSWG   = 6.4E-11        PBSWG   = 0.99           MJSWG   = 0.1 
+CF      = 0               ) 
* 
.MODEL CMOSP PMOS (                                LEVEL   = 49 
+VERSION = 3.1            TNOM    = 27             TOX     = 3.17E-8 
+XJ      = 3E-7           NCH     = 2.4E16         VTH0    = -0.8476404 
+K1      = 0.4513608      K2      = 2.379699E-5    K3      = 13.3278347 
+K3B     = -2.2238332     W0      = 9.577236E-7    NLX     = 1E-6 
+DVT0W   = 0              DVT1W   = 0              DVT2W   = 0 
+DVT0    = 1.330244       DVT1    = 0.3295049      DVT2    = -0.0339406 
+U0      = 236.8923827    UA      = 3.833306E-9    UB      = 1.487688E-21 
+UC      = -1.08562E-10   VSAT    = 1.429881E5     A0      = 0.2467704 
+AGS     = 0.6351457      B0      = 6.992187E-6    B1      = 5E-6 
+KETA    = 0.037552       A1      = 0              A2      = 0.364 
+RDSW    = 2.580107E3     PRWG    = 0.0618047      PRWB    = -0.1925044 
+WR      = 1              WINT    = 7.565065E-7    LINT    = 1.44105E-7 
+XL      = 0              XW      = 0              DWG     = -2.13917E-8 
+DWB     = 3.857544E-8    VOFF    = -0.0877184     NFACTOR = 0.2508342 
+CIT     = 0              CDSC    = 2.924806E-5    CDSCD   = 1.497572E-4 
+CDSCB   = 1.091488E-4    ETA0    = 0.21103        ETAB    = -0.0100935 
+DSUB    = 0.2873         PCLM    = 5.6533E-10     PDIBLC1 = 7.477411E-4 
+PDIBLC2 = 3.271335E-3    PDIBLCB = -1E-3          DROUT   = 1E-3 
+PSCBE1  = 3.515038E9     PSCBE2  = 5.273648E-10   PVAG    = 14.985 
+DELTA   = 0.01           RSH     = 77.1           MOBMOD  = 1 
+PRT     = 0              UTE     = -1.5           KT1     = -0.11 
+KT1L    = 0              KT2     = 0.022          UA1     = 4.31E-9 
+UB1     = -7.61E-18      UC1     = -5.6E-11       AT      = 3.3E4 
+WL      = 0              WLN     = 1              WW      = 0 
+WWN     = 1              WWL     = 0              LL      = 0 
+LLN     = 1              LW      = 0              LWN     = 1 
+LWL     = 0              CAPMOD  = 2              XPART   = 0.5 
+CGDO    = 2.05E-10       CGSO    = 2.05E-10       CGBO    = 1E-9 
+CJ      = 3.018117E-4    PB      = 0.8            MJ      = 0.4427194 
+CJSW    = 1.615623E-10   PBSW    = 0.8            MJSW    = 0.1045892 
+CJSWG   = 3.9E-11        PBSWG   = 0.8            MJSWG   = 0.1045892 
+CF      = 0               ) 
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APPENDIX H: CIRCUIT SCHEMATIC OF ONE CHANNEL 
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Appendix I.1, Overview of the optical coherence microscope 
 
The optical coherence microscope is an optical system that takes depth-resolved en face images using low 
coherence interferometry. By implementing a fiber-based Michelson interferometer, the OCM system 
measures the light back-scattered from a plane within the sample.   The location of this en face plane is 
governed by the optical path length set in the reference arm of the interferometer.  A schematic of the 
optical coherence microscope (OCM) is shown in Figure 1-1.  The various components of the optical 
coherence microscope system can be categorized into four groups: the light sources, the reference arm, the 
sample arm, and the data acquisition system.  Each group will be described in detail. 

 
Figure 1-1. Schematic of the optical coherence microscopy system. 

 

The Light Sources 
 
The optical coherence microscope consists of two light sources: a super-luminescent diode (SLD) and a red 
diode laser.  The super-luminescent diode is the primary light source � the interferometry and imaging is 
performed using this source.  The SuperLum is a broadband light source that has a center wavelength of 
841-nm and a full-width-half-maximum (FWHM) of 48-nm.  A center wavelength of 841-nm is used 
because it balances the trade-off between scattering and absorption in most water-containing substances. 
The spectral power density of the light source, that is, the power at each wavelength of the source, is shown 
in Figure 1-2.  Ideally, the spectral power density should have a Gaussian profile.  Such a profile results in 
an axial resolution (coherence length) determined by the equation, 
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where λ is the center wavelength and ∆λ is the full-width-half-maximum (FWHM) of the light source.  
Assuming the light source has a Gaussian spectral power density, the ideal resolution of the optical 
coherence microscope is 6.5-µm in air and approximately 4.5-µm in the sample (assuming an index of 
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refraction of 1.4).  This resolution corresponds to the direction perpendicular to the en face imaging plane 
within the sample.   In practice, the SuperLum does not have a perfect Gaussian spectral power density.  
Consequently, the system exhibits a slightly larger resolution of 8.5-µm in air and a 6.1-µm in the sample. 
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Figure 1-2. Spectral power density of SuperLum light source after the optical isolator. 

 
The secondary light source, a red diode laser, is used to facilitate the imaging process.  Since the 840-nm 
super-luminescent diode light source is invisible to the human eye, having a visible red laser assists the 
operator in positioning the sample under the microscope objective.  
 
These two light sources are coupled into the same fiber using a Wavelength Division Multiplexer (WDM), 
a device that combines two input sources of light with different wavelengths into one fiber.  This light then 
travels to a polarization paddle that is used to change the polarization of the light propagating into the 
optical isolator.  The polarization-dependent isolator (OZ Optics, Carp, Ontario, Canada, Model: FOI-11-
11-850-5/125-S-40-3A3S-3-1-35) insures that no light from the optical system is reflected back to the 
source.  Such reflected light would cause instability and possible damage to the SuperLum light source.   
The light then propagates to a two-by-two coupler at which point half of the light is sent to the reference 
arm and the other half is sent to the sample arm. 
 

The Reference Arm 
The reference arm of the optical coherence microscope has several important functions within the system.  
First, it sets the optical path length which determines at what depth in the sample to acquire the image.  
Secondly, the reference arm includes a piezo device (ThorLabs, Newton, NJ, Part Number: AE0203D04) to 
modulate the optical path length by 350-nm � a necessary attribute needed for interferometric imaging in 
this particular setup.  A picture of the reference arm is shown in Figure 1-3.  

Figure 1-3. Reference arm setup. 
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The light from the two-by-two coupler is passed through another polarization paddle.  This paddle is used 
to ensure that the polarization between the sample arm and reference arm are the same.  The light is then 
collimated using an OZ Optics receptacle style fiber collimator.  This collimator is mounted on an 
electrically controlled translation stage.  The software controls the displacement of the collimator based on 
the imaging depth within the sample.  
 
A dispersion compensation plate is included in the reference arm to correct for broadening of the 
interferogram due to dispersion in the sample arm.  Dispersion is a characteristic of materials that exhibit 
greater indices of refraction for smaller wavelengths.  Primarily because of the microscope objective, 
smaller wavelengths of the light source will have a greater optical path length in the sample arm than in the 
reference arm.  This mismatched dispersion reduces the axial resolution, that is, the depth resolution of the 
system.  But with the dispersion compensation glass plate, the effects of these dispersive elements in the 
sample arm can be minimized.  Two interferograms, which are indicative of the in-depth resolution, are 
shown in Figure 1-4: Plot (A) shows an interferogram of the OCM without any dispersion compensation, 
Plot (b) shows an interferogram of the OCM after a dispersion compensation plate is added to the reference 
arm. 
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Figure 1-4. Interferograms corresponding to a dispersion (A) uncompensated  

and (B) compensated reference arm. 
 
After the dispersion compensation plate, the light propagates through a filter wheel with a selection of 
neutral density filters.   Neutral density (ND) filters attenuate the light by either reflection or absorption.  
This attenuation is needed in order to match the intensity of the reference arm with the intensity of the 
sample arm, which minimizes the noise and increases the dynamic range of the system.  Typically, a ND 
filter of 1.5 (a combination of the 1.0 and 0.5 ND filters) is used to match the intensities in the two arms 
when a sample is present. 
 
This light is focused using a single standard lens onto a mirror.  This mirror was attached to the piezo stack 
using a commonly used epoxy for fiber connections (ThorLabs, Newton, NJ, Part Number: F120).  The 
piezo stack oscillates at 120-kHz with a displacement of approximately 350-nm.   
 
The 120-kHz modulated light then travels back through the reference arm where it is focused back into the 
fiber.  The two-by-two coupler then sends half of this reference arm light to the detector and the other half 
is sent to the optical isolator where it is absorbed. 
 

The Sample Arm 
 
The main purpose of the sample arm is to direct and focus the light to a certain location on the en face 
imaging plane within the sample.  Similar to the reference arm, the light from the fiber is collimated using 

A

B
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an OZ Optics receptacle style fiber collimator.  This collimated light travels to a set of two scanning 
galvonometers (Cambridge Technology, Cambridge, MA, Model: 6230).  Each galvo corresponds to a 
direction in the en face imaging plane.  Using the coordinate system shown in Figure 1-5, the galvo with 
the larger mirror causes displacements in the X-direction (front to back) where as the galvo with the smaller 
mirror directs the light in the Y-direction (left to right).  These galvos are powered by separate ±12V power 
supplies and are controlled by two servo boards (Cambridge Technology, Cambridge, MA, Model: 
MicroMax Series 671).  The computer regulates the analog voltage input into the two servo boards. 

 
Figure 1-5. Coordinate system of the optical coherence microscope . 

(Looking from the front of the table towards the back). 
 

Once being redirected by the two scanning galvos, the light enters an infinity-corrected microscope 
objective.  Two objectives are included with the OCM: a 5X microscope objective (Mitutoyo, Japan, 
Model: Series 378-822) and a 10X microscope objective (Mitutoyo, Japan, Model: Series 378-803-2).  
These focus the light to the imaging plane and produce the characteristics shown in Table 1-1.  
 

Table 1-1. Specifications for the two microscope objectives. 
Microscope 
Objective 

Lateral 
Resolution 

(in air) 

Depth of 
Focus 

Measured 
NA 

Max Lateral Scan 
Dimensions 

5X Mitutoyo 15.0-µm 511-µm 0.0337 4.5-mm x 4.5-mm 
10X Mitutoyo 8.0-µm 361-µm 0.0635 3.2-mm x 3.2-mm 

 
The lateral resolution represents the diameter of the focused beam based on the numerical aperture.  The 
depth of focus and numerical aperture were measured using a standard knife-edge test.  The depth of focus, 
based on Rayleigh range of the beam, represents the distance where the specimen is reasonably in focus.   
 
The sample is placed on a vertical translation stage that adjusts its position depending on the specified 
depth of the imaging plane.  This adjustment is performed within the software of the OCM system.  This 
translation stage as well as the overall sample arm setup can be seen in Figure 1-6.  The backscattered light 
then returns to the two-by-two coupler where half of the light is sent to the detector and the other half is 
absorbed in the optical isolator. 
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Figure 1-6. The sample arm configuration showing the translation stage. 

 

The Detection and Data Acquisition 
 
The light returning from the sample and reference arms is then converted to a voltage using a 200-kHz 
silicon-based detector  (New Focus, San Jose, CA, Model: 2001-FC).  This detector can output a signal 
with a gain of 30k and includes high and low pass filters.  The high pass filter is used in the optical 
coherence microscope to remove the DC offset do to the interference of the two arms as well as additional 
noise that may be present in the system. 
 
This voltage signal is sent to the custom electronics which are housed in an aluminum box as shown in 
Figure 1-7.  These custom-built electronics perform two key functions.  Using a ±12V DC power supply, 
the electronics output the piezo-driving signal.  Several potentiometers are included within the electronics 
that can adjust the amplitude, frequency, and DC offset of the piezo-driving signal.  Secondly, the 
electronics demodulate the signal from the silicon-based detector and output four corresponding channels.  
More details on the custom electronics are given in Chapter 2.  
 

 
Figure 1-7. The piezo-driving and signal demodulation electronics. 
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The four channel outputs are recorded using the data acquisition (DAQ) system, which consists of a 
multifunction DAQ board (National Instruments, Austin, TX, Model: PCI-6071E) and a 100-pin shielded 
connector block (National Instruments, Austin, TX, Model: SCB-100).  These four channels are combined 
in a root-sum-square (RSS) operation.  This combination of the four channels represents the interferometric 
intensity from the en face image plane.  The multifunction DAQ board also collects other data, such as 
from the detector and the galvo signals.   The data acquisition system also includes two outputs that control 
the X- and Y- galvos in the sample arm.   
 
The software is responsible for coordinating the analog output signals to the galvos as well as acquiring the 
data from the seven input channels.  The data is then reconstructed to form an image that is displayed on 
the computer monitor.  As described in Chapter 3, the software includes many controls and options that are 
available to the operator.   
 
Chapter 4 is a detailed procedure for using the optical coherence microscope.  This includes descriptions of 
how to set up the system, how to initialize the two translation stages, how to take images, and how to 
troubleshoot various problems that may arise when using the OCM.  
 

 

Appendix I.2 Driving signal and demodulation electronics 

The Demodulation and Piezo Driver Electronics 
 
The signal demodulation of the OCM system is based on the theory developed by Hoeling et al. [1]. As 
shown in Figure 2-1, the reference mirror is glued to the piezo stack, which is driven by a sinusoidal 
voltage.  The frequency of this sinusoidal signal is governed by the resonant frequency of the reference 
mirror.  In order for an optimal demodulation routine, the resonant amplitude of the piezo is set to 0.42λ0 
(350nm), where λ0 is the center wavelength of the light source.  The electronics detect a coherence signal 
where the reference arm and sample arm path lengths match. The signal demodulator will then extract the 
sum of the powers from the first and second harmonic signals. Finally, the computer acquires the 
demodulated signal and displays it in logarithmic scale on the screen.  

 
Figure 2-1. The piezo stack and reference mirror. 

 
The OCM electronic circuit block diagram and picture are shown in Figure 2-2 and Figure 2-3.  
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Figure 2-2. The OCM piezo driver and signal demodulator block diagram. 
 
The hardware is composed of two PCB boards that are enclosed in an aluminum box, as shown in Figure 1-
7. The interface includes two power supply connectors, an input BNC connector, and six output BNC 
connectors.  

The Power Supply Inputs 
 
 As shown in Figure 2-3, two ±12V regulated DC power supplies are needed to power the circuitry. The 
first supply (labeled Power Supply #1) is used to power the reference signal generator circuit.  The low 
noise analog circuit is powered by the second supply (labeled Power Supply #2).  Three wires are used in 
these power supplies to carry the various voltages: The red wire is connected to the +12V voltage, the white 
wire is connected to the zero (0-V) voltage level, and the black wire is connected to the -12V voltage. 

The Detection Input Connector 
 
The only input of OCM electronics located at the front left of the aluminum box.  This connects the 
electronics to the output of New Focus 2001-FC detector using a standard BNC cable. 

The Output Connectors 
 
Six BNC output connectors can be divided into three groups: the piezo driver output, the sum of first and 
second harmonic output, and the four channels of the demodulated output. 
 
The BNC connector located at the right side of the box is the piezo driver output. The driver output 
provides a variable frequency and amplitude voltage signal. In Figure 2-3, three potentiometers are used to 
adjust both the frequency and amplitude of the driving signal.  The resistor labeled R1 is used to change 
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frequency. Resistors R2 and R3 are used to change the amplitude and DC offset of the piezo signal, 
respectively. Since the piezo stack can only be driven by a positive voltage signal, a DC offset is required 
to prevent the driver signal above zero volts. The typical drive signal is 7.2-V peak-to-peak value at 120-
kHz frequency.  
 
The BNC connector on the reverse side of the box is connected to the oscilloscope. It gives the sum of the 
first harmonic signal power and the second harmonic signal power, which is 2

2
2
2

2
1

2
1 YXYX +++ . This output 

should only be used to monitor the adjustment of R1, R2, and R3 during system setup. The goal of such an 
adjustment is to have a constant output even when the input coherence signal phase drifts due to 
temperature variation or mechanical vibration.  
 
Four BNC connectors on the front right side of the box are X1, Y1, X2 and Y2 signal from demodulator. 
They should be connected to data acquisition board. Then computer will process acquired data and display 
it on screen.  
The ideal equation of processing is: 
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However, due to imperfection of electronic components, the actual equation of processing is: 
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where X1_DC_offset, Y1_DC_offset, X2_DC_offset, and Y2_DC_offset are the offset voltages from each of the four channel 
demodulation outputs, that is, the voltage present when a signal is not being collected. 
 
 

 
Figure 2-3. The OCM electronic circuit. 

 
The piezo driving signal is 120-kHz sinusoidal function. X1 and Y1 channels are used to extract the first 
harmonic power of coherence signal after pre-amplifier stage of the electronics. The only difference 
between these two channels is the corresponding reference signals. The phase difference between the X1 
channel reference signal and Y1 channel reference signal is 90o. The theoretical first harmonic power 
should be 2

1
2

1 YX + .  The transient response speed is determined by the cutoff frequency of low pass filter 



193 

(LPF). However, a higher cutoff frequency means less filtering of carrier signal. Consequently, a 10th order 
LPF is used to attenuate the carrier signal as much as possible. The other consideration is the type of the 
low pass filter. As compared to the Butterworth and Chebyshev filters, the Bessel filter has linear phase 
delay with the fastest settling time. It improves performance of imaging speed and quality. The same setup 
is used for the X2 and Y2 channels.  The second harmonic power is then given by 2

2
2
2 YX + .  

 
 
 
 

Appendix I.3 Software for the optical coherence microscope 
 
The overall user interface for the optical coherence microscope (OCM) is shown in Figure 3-1.  The 
controls available to the user are grouped into several categories.   Indicators and buttons relating to the 
translation stages for both the sample and reference arm are located under the Translation Stage group 
box. The buttons corresponding to the initialization of the two arms for the OCM system are located in the 
Initialize Arms group.  Conversion factors relating the dimensions of the scan to the voltage output by the 
data acquisition system are available in the Calibration Factors group. Controls corresponding to 
acquiring an image or a set of images are located under the AI Control group.   This is where the user can 
specify the dimensions of the scan as well as the number of scans if a set is being acquired.  The File 
Saving group contains the means for the user to save the image files to a specified directory and filename.  
Once it is acquired, the image is displayed in the Imaging Area.  Fine-tuning and troubleshooting 
capabilities can be accessed using the features available in the System Information group.  Each of the 
aforementioned regions is now described in further detail. 
 
 

 
Figure 3-1. The main form of the OCM software. 

The Translation Stage Group 
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When the user launches the program, one of the first operations of the software is to check the 
communication between the computer and the translation stages.  The translation stages are connected to 
the two communication ports of the computer: the sample stage is connected to COM Port 1 and the 
reference stage is connected to COM Port 3.   
 
The software opens the first communication port of the computer corresponding to the sample arm.  If the 
software does this successfully, the light-emitting diode shown in Figure 3-2 (the light located to the right 
of Samp Arm Initialized) will turn from red to green.  However, if the computer cannot open the 
communication port, the LED will remain red and problems with the communication port need to be 
resolved.  The software performs the same operation for the third communication port of the computer, 
which is connected to the reference arm of the interferometer. If both LED�s are green, the program sends 
the translation stages to their home position, that is, their location of zero displacement. 
 

These two LED�s corresponding to the Samp Arm Initialized and the Ref Arm Initialized should turn green 
shortly after the program is launched.  If these lights remain red for more than ten seconds after start-up, 
there is a problem with the communication ports that needs to be corrected.  A red LED for either the 
sample arm or reference arm indicates that the system cannot communicate with the translation stages and 
imaging is not possible. 
 

The Initialize Arms Group 
 

This group of controls allows the user to initialize the sample and reference arm.  Each operation is time-
consuming so a progress bar is included in this group box to give the user an estimate of how much time 
remains in the particular procedure.  A picture from the software of the Initialize Arms group is shown in 
Figure 3-3. 
 

Figure 3-2. The Translation Group. 
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Figure 3-3. The Initialize Arms Group. 

 
The Initialize Mirror Button moves the mirror to the focal point of the microscope objective using an 
iterative process: 
 
If the sample arm should be displaced from its home position, the software will send the arm back to its 
location of zero displacement. Once arriving in the home position, the software commands the sample arm 
to travel from its home position to its maximum displacement, which is 30-mm.  While the arm is traveling 
to its maximum position, the intensity of the light reflected back from the mirror is recorded for each 
micron that the sample arm travels.  This intensity data is taken directly from the detector in the form of a 
voltage.  By clicking the Display Graph button on the main form, the user can view a graph of this data.  
 
Once the sample arm travels to its maximum displacement, the software looks at the intensity data and 
finds where the maximum voltage (intensity) was recorded.  This maximum intensity corresponds to the 
position where the sample arm was at the focal point of the microscope objective.  The software then 
iteratively moves the sample arm to lock on to the focal point.  Once this is complete, the LED next to the 
Initialize Mirror  button turns to green indicating that the sample arm is now located at the focal point of 
the microscope objective. 
 
The Initialize Reference Button moves the reference stage in order to match the optical path length in the 
sample arm.  Once again, an iterative process is used to find the displacement corresponding to this match 
in path lengths: 
 
After being sent to its home position, the reference stage is translated to its maximum displacement of 30-
mm.  Just like the initialization of the sample arm, the data acquisition system reads voltage (proportional 
to optical intensity) values at every micron displacement of the reference arm.  These voltage values are 
from the four signals outputted by the signal demodulation electronics.  Once the reference arm reaches its 
maximum displacement, the software finds the maximum voltage that corresponds to the location where the 
sample and reference path lengths are the same.  The software moves the reference arm iteratively until it 
converges to the maximum voltage.  Once this is complete, the LED next to the Initialize Reference button 
turns green to indicate that the path length of the reference arm now matches the path length of the sample 
arm. 
 
The Initialize Sample Button is used to locate the highest surface of the specimen based on the optical 
path length set in the reference arm.   
 
Unlike the sample arm initialization with the mirror, which monitored the DC signal directly from the 
detector, the Initialize Sample Button evaluates the demodulated signal from the custom electronics.  The 
sample arm is scanned through its full range and voltages are measured at each micron of displacement.  
The program evaluates this data to find the location where the signal first exceeds a specified threshold.  
This threshold condition is based on the noise floor from the first one-thousand data points of the acquired 
data. Similar to the other buttons in this group, the software performs an iterative routine to place the 
sample stage such that the en face imaging plane is located at the highest surface of the specimen. 
 
The Cancel Button gives the operator the opportunity to cancel an initialization that is currently being 
performed.  Such a button is useful should the operator realize that something is not set up properly or if the 
program stalls during the initialization routines. 
 
The Reset on Shutdown Option gives the user the choice of sending the reference and sample stages home 
when the program is closed.  If this option is unchecked, the program will close and leave the reference and 
sample stages in there respective positions. 
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The Calibration Factors Group 
 
The Calibration Factors group gives the operator the ability to change the calibration factors associated 
with the microscope objective being used.  Two textboxes are available to enter the calibration factors 
associated with the X- and Y- directions, as shown in Figure 3-4.  The procedure in determining these 
calibration factors is described in Chapter 4.  

The calibration factors for the Mitutoyo 5X and 10X objectives were found during the initial construction 
of the optical coherence microscope. These calibration factors are shown in Table 3-1. 

 

Table 3-1. The measured conversion factors for the 5X and 10X Mitutoyo objectives. 

 Fast Galvo  
(X-direction) 

Slow Galvo  
(Y-direction) 

Mitutoyo 5X 
Conversion Factors 

(V/mm) 
3.15 3.15 

Mitutoyo 10X 
Conversion Factors 

(V/mm) 
6.25 6.25 

 

The Analog Input (AI) Control Group 
 
The analog input gives the user the freedom to choose the size, resolution, and number of images to be 
taken of the sample.  The various inputs of this group are shown in Figure 3-5.   The user can choose the 
dimensions of the scan using the X distance (mm) and Y distance (mm) numerical controls.  The largest 
scan that the system can perform is approximately 4.5-mm by 4.5-mm with the 5X objective.  Any scan 
larger than these values will result in an image that fades in intensity toward the edges.  This fading is due 
to vignetting in the microscope objective � that is, light is partially blocked by various components within 
the objective.  
 

Figure 3-4. The Calibration Factors Group. 
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A resolution can also be specified by using the X pixels and Y pixels numerical control box.  For example, 
suppose the user specifies 100 pixels in the X-direction for a distance of 1-mm and 200 pixels in the Y-
direction for a distance of 1-mm.  The software will construct an image where each pixel in the image 
represents a 10-µm (x-direction) by 5-µm (y-direction) area of the sample.   
 
This group also contains two numerical controls to specify the acquisition of images in the z-direction, that 
is, perpendicular to the sample.  The Z pixels control represents the number of en face images that will be 
taken over the distance specified in the Z distance (mm) numerical control.  Similar to the X and Y 
specifications, these two controls can be interpreted as a specification of the depth-resolution for a series of 
scans. 
 
The Sample Index of Refraction is specified by the user.  The constant is used when translating the sample 
and reference stages in the z-direction.  The interferometer works on the basis that the sample and reference 
arms have approximately the same optical path length.  When the sample arm is displaced a certain 
distance, the reference arm must be displaced by an amount that ensures the same optical path lengths 
between the two arms of the interferometer.  
 
After being acquired by the software, the data has to be reconstructed into an image.  The Image Shift 
Factor gives the user some control on how accurately the software builds the image.  The algorithm within 
the code constructs the image in an approximate fashion.  However, the shift factor is needed to finely tune 
the construction of the image.   
 
The Single Scan Button takes one en face image of the sample based on the current positions of the 
reference and sample arms.   Once this button is clicked, several key processes are executed.  First, the 
computer outputs two signals for the fast and slow galvos.  The fast galvo corresponds to scans in the x-
direction whereas the slow galvo represents scans in the y-direction.  The data acquisition monitors the fast 
galvo signal until it reaches a specified condition.  Once the data acquisition system is triggered by the fast-
galvo signal, data is read from channels 0-7.  The purpose of each channel is shown in Table 3-2.  The data 
acquisition takes the number of samples corresponding to the user�s input in the X pixel, X distance, Y pixel, 
and Y distance numerical controls in the AI Control group. 
 

Figure 3-5. The Analog Input (AI) Control Group. 
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Table 3-2. Description of the eight analog input channels of the data acquisition system. 

Channel # Measurement 
0 Fast Galvo Signal 
1 Slow Galvo Signal 
2 Auxiliary 
3 Demodulator Output, X1 
4 Demodulator Output, Y1 
5 Demodulator Output, X2 
6 Demodulator Output, Y2 
7 Detector 

 
Once the data is collected, the software then begins the reconstruction of the image from the raw data.  The 
software combines the four demodulated outputs in a root-sum-square (RSS) calculation, that is, 
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These combined outputs are stored in vector form.  Using the X pixels, Y pixels, Image Shift Factor, and the 
fast galvo output signal, the software separates various elements of this vector and stores them in matrix 
form.  This matrix form represents the image of the measured data.  A log10 calculation is performed on 
each element of this matrix, which is then displayed in the imaging section of the program�s interface.   A 
�logged� image is displayed because the log operation suppresses the noise level in an image so that 
features of the sample are more apparent to the human eye. 
 
The Run Series Button performs the same operations as the single scan button but performs the process 
repeatedly as the images are recorded at varying depths within the sample. 
 
When the user clicks the Run Series button, the program performs the same algorithms as described in the 
Single Scan button.  Once the data has been acquired and an image is displayed, the computer saves the 
image in two files.  A bitmap (.bmp) is saved using the logged data.  This file is the same representation of 
the data that is seen in the imaging section of the software program.  Additionally, an amplitude (.amp) file 
is also saved that only includes the raw un-logged data of the image.  This file would be useful in future 
image processing routines. Both files are saved according to the path, name, and increment given in the 
File Saving group.  Once these images are recorded, the software increases the filename increment by one 
unit for the next image.  For example, if the filename given was leaf and the increment was 1, the software 
would save two files: leaf_1.bmp and leaf_1.amp.  The software would then increase the increment so that 
the next image to be saved would be: leaf_2.bmp and leaf_2.amp.  
 
Once these two files are saved, the program moves the sample and reference stages according to the 
information given in Z pixels, Z distance, and the Sample Index of Refraction numerical controls.  Once the 
two stages are located in their proper positions, the software takes another image using the same algorithm 
mentioned with the single scan.  If the user should need to stop the scans, a Stop Series button, which 
appears when a series of scans is in progress, can be clicked to terminate the scans.  As the software takes 
each en face image, it updates the progress bar located in this group to give the user an idea of the time till 
completion of the series.  This process continues, saving each acquired image, until the sample stage is 
displaced by the same amount given in the Z distance numerical control.  If the user specified the number 
of pixels in the z-direction to be 100 and started with an increment of 1, the user should have 100 bitmaps 
saved in the corresponding directory labeled filename_1.bmp, filename_2.bmp, �, filename_99.bmp, and 
filename_100.bmp.  Similarly, amplitude files (.amp) with the same name should accompany each of these 
bitmap files for a total of 200 files.  
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The Advance Image Button gives the user the capability to move the sample arm in order to change the 
location of the en face image.  This feature is important when the user needs to locate a surface before 
beginning a series scan of the image.  For example, the user might need the first en face image to be located 
at the top surface of the sample.  The user can select the distance to move the imaging plane using the Step 
Size (µm) numerical control that is located to the right of the Advance Image button.  A positive value for 
the step size moves the sample arm upwards, which results in a lowering of the surface to be imaged.  To 
raise the imaging surface, you need to lower the sample stage.  This corresponds to a negative number for 
the step size.  The software moves the sample and reference stages according to the specified index of 
refraction.  Once the stages arrive at their locations, the software takes one scan of the new imaging plane 
and displays it in the imaging window. 

The File Saving Group 
 
The file saving group box, as shown in Figure 3-6, obtains the user�s input regarding how to save the files.   
The File Path textbox specifies the location where the files will be saved.  If the location is typed in 
manually, the folder must already exist. The software assumes that the file path ends with a �\� so this must 
be included with the file path.  

 

Figure 3-6. The File Saving Group. 

 
Alternatively, the folder icon can be clicked to display a folder dialog that allows the user to graphically 
choose which folder to save the images.  This folder dialog is shown in Figure 3-7. With this dialog, the 
user has the ability to create a new folder by clicking the New Folder button in the bottom right-hand 
corner.  Once a folder is selected, the software will automatically fill the file path textbox in the File Saving 
group.   
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The Filename (no extension) and Increment inputs are used to name the saved images.  In the configuration 
shown in Figure 3-6, the first set of data would be saved as OCM_Image_1.bmp and OCM_Image_1.amp. 
Once again, these two files represent an image of the logged data (.bmp) and unlogged voltage amplitude 
data (.amp). Once the first file is saved, the software increases the increment automatically such that the 
next saved images would be named OCM_Image_2.bmp and OCM_Image_2.amp. 
 
The Save button saves the image that is currently displayed in the main form.  Because the Run Series 
operation automatically saves the images as it progresses through the sample, the Save button should only 
be used to save images that are a result of a single scan of the sample.  
 

The Image Plot 
 
As shown in Figure 3-8, this region displays the image of the last en face scan of the sample.  The data in 
the image is logged (base-10) to accentuate the features and suppress the noise level.   For simplicity, the 
image is displayed in grayscale where white areas represent high signal levels, that is, very reflective, and 
dark areas represent low signal levels. 

Figure 3-7. The Folder Selection Dialog from the File Saving Group. 
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The user can also change the scale by right clicking on the image plot.  Next to the cursor, the autoscaling 
property of the plotter may be deselected.  Once auto-scaling is off, the user can manually input the upper 
and lower threshold values.  These values are entered in the numeric controls located above and below the 
colorbar, as shown in Figure 3-8.   
 

The Calibration Controls Dialog 
 
The calibration controls dialog is used primarily to troubleshoot any issues associated with the OCM 
software.  This dialog is launched by clicking on the Calibration Controls button located on the main 
OCM form.  Once the user clicks this button, the software launches a new dialog box as shown in Figure 3-
9.  This dialog box includes several features that are categorized into five groups: Galvo Position, Scan 
Arm Stages, Translation Stages, Data Acquisition, and Graph Cursors.  

 
The Galvo Position Group gives the user the ability to manually control the positions of the X- and Y- 
galvos.  When the Set Galvo Position button is clicked, the software takes the values from the X-position 

Figure 3-8. The Image Plot. 

Figure 3-9. The Calibration Controls Dialog. 
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(V) and Y-position (V) numeric controls and sends these voltages to the corresponding galvos.  The X-
position, or the fast galvo, has a larger mirror than the Y-position/slow galvo.  Typically, this Galvo 
Position group will be used for alignment and calibration purposes.   
 

 
 
The Scan Arm Stages Group provides three operations to the user.  The first operation is a scan of the 
sample arm. Once the Scan Sample Arm button is clicked, the software sends the sample arm to its home 
position, which corresponds to a zero displacement.  The sample is then sent to its maximum position of 
30-mm.  The data acquisition system takes intensity data (in the form of a voltage) directly from the 
detector at every micron of displacement in the sample arm.  Once the sample stage arrives at its maximum 
position, the software plots the data in the graph of the main form and sends the sample stage back to its 
home position. 
 
The Scan Reference Arm button does a similar operation with the reference arm of the optical coherence 
microscope.  The software moves the reference arm from its home position to the maximum displacement 
of 30-mm.  During this scan, the data acquisition system records intensity (that is, voltage) data directly 
from the detector at each micron of displacement.  Once the data acquisition is complete, the software 
displays the data in the graph and sends the reference arm to its home position. 
 
The Scan Four Channels button translates the reference arm from its home position to its maximum 
displacement.  Instead of taking data directly from the detector, this button uses the four-channel input from 
the demodulation electronics.  Once again, the software plots the demodulated data in the graph of the main 
form when the data acquisition is complete.  The reference stage is sent back to its home position. 
 
The Translation Stage Group allows the user to move the reference and sample stages to absolute or 
relative positions.  The combo box that has Both Arms selected gives the user three options for which arm 
to move: the reference arm, the sample arm, or both arms.  Directly underneath this lies another combo box 
that has three movement options.  Absolute movements displace the stage a distance measured from the 
actuator�s home location, that is, where the actuator has zero displacement.  Relative movements move the 
stage a certain distance from the stage�s current position.  The Home option sends the selected stage(s) to 
their home position.  All of these displacements are taken from the text box located just above the Move X-
Stage button  (with the exception of the Home option which requires no further displacement information).  
The software translates the stages according to these selections once the user clicks the Move X-Stage 
button. 
 
The Data Acquisition Group provides the means to sample data from each of the eight channels 
associated with the optical coherence microscope system.  The channel to sample can be selected using the 
numerical control labeled Channel.  The channels correspond to various measurements that are summarized 
in Table 3-2.  Data can only be acquired one channel at a time in this calibration dialog.  The sample rate 
and number of samples can also be entered into their corresponding numerical control boxes.  When the 
Acquire Data button is pressed, the program collects the data from the selected channel at the specified 
rate.  This data is then displayed in the graph of the main form.  This data acquisition group should not be 
used when other data acquisition events are occurring, such as collecting data for an image.  Attempting to 
acquire data from a channel when the data acquisition system is already busy will cause the program to 
crash.  The most prevalent reason for this group is to diagnose problems with the data acquisition system as 
well as measuring the noise levels from the various channels. 
 
The Graph Cursors Group displays four cursors on the graph of the main form as well as their respective 
locations and separations.  These cursors are used to accurately measure values and distances from the data 
displayed on the graph. To display the cursors, the checkbox labeled Show Cursors must be selected.  As 
the user moves the cursors on the screen, the values in the X1, Y1, X2, and Y2 textboxes update to show the 
current location of each cursor.  Additionally, the program also calculates the difference between the two x-
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cursors and the two y-cursors.  The difference between these two directions, x- and y-, are updated in the 
dX and dY textboxes.  To remove the cursors from the graph, deselect the Show Cursors checkbox. 
 
The calibration dialog box also contains two galvo-related buttons, as shown in Figure 3-9.  The first button 
labeled Galvo Signals displays the signals that are output to the fast and slow galvos based on the current 
settings in the main form, that is, the values of X-distance, Y distance, X pixels, and Y pixels located in the 
AI Control group.  These signals are plotted in the graph of the main form.  The fast galvo output, or the 
X-direction galvo, is a repeating saw-wave whereas the slow galvo output, or Y-direction galvo, is an 
increasing ramp function. 
 
The Center Galvos button outputs two voltages that adjust the galvos such that the light is perpendicular to 
the plane of the sample stage.  These centering-voltages are close to zero but have a slight offset due to 
imperfect alignment of the microscope objective. The software outputs sinusoids to bring the galvos from 
their present position to their centered position.  These sinusoidal voltages are displayed in the graph of the 
main form. 
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Appendix I.4, Detailed procedures for the optical coherence microscope 
 
This chapter outlines the procedures for operating the optical coherence microscope.  These procedures 
include instructions for initial startup, calibration, general operation, and troubleshooting the optical 
coherence microscope.   
 

Setup for the Optical Coherence Microscope 
 
These procedures are to be used when setting up the optical coherence microscope system.  These 
instructions assume the optical coherence microscope is in its delivered setup. There are essentially four 
areas that need to be setup: the computer and data acquisition, the light sources, and the sample and 
reference arms.  

 

I. Check connections between OCM and the computer 
a. Inspect the following connections to the back of the 

computer: 
i. Connection between the sample arm linear 

actuator (T-LA60) and COMM Port 1 using the 
cable located closest to the knob of the actuator 

ii. Connection between the reference arm linear 
actuator (T-LA60) and COMM Port 3 using the 
cable located closest to the knob of the actuator 

iii. Connection between 100-pin shielded connector 
block (SCB-100) and the National Instruments 
DAQ port on the back of the computer 

iv. Normal computer connections such as power, 
keyboard, mouse, network, and monitor. 

b. Inspect the following connections to the 100-pin shielded 
connector block (SCB-100) 

i. Connection between the twisted pair cable 
labeled X1 and the X1 BNC Connector of the 
electronics box. 

ii. Connection between the twisted pair cable 
labeled Y1 and the Y1 BNC Connector of the 
electronics box. 

iii. Connection between the twisted pair cable 
labeled X2 and the X2 BNC Connector of the 
electronics box 

iv. Connection between the twisted pair cable 
labeled Y2 and the Y2 BNC Connector of the 
electronics box 

v. Connection between the twisted pair labeled XG 
and the galvo servo board labeled with a white X 

vi. Connection between the twisted pair labeled YG and the galvo servo board 
labeled with a white Y 

vii. Connection between the twisted pair labeled Detector to the one port on a BNC 
splitter that is attached to the output of the New Focus 2001 Detector.  

viii. The twisted pair labeled Aux for Auxiliary remains unconnected. 
c. Inspect these additional connections to the custom electronics box 
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i. Connection between the free port of the BNC splitter that is attached to the 
output of the New Focus 2001 Detector and the BNC Connector Labeled From 
Detector on the custom electronics box 

ii. Connection between the BNC Connector labeled To Piezo and the BNC 
Connector attached to the piezo in the reference arm of the OCM. 

II. Check connections to the galvo / servo boards 
a. Connection between the Vicor power supply to the servo board for each galvo 
b. Connection between the servo board to each galvo  

i. The cable contains two wires that need to be connected 
III. Power the System 

a. Power all of the electronic components of the system: 
i. The Computer 

ii. The Custom Electronics 
1. Piezo Power 
2. Demodulation Power 

iii. The linear actuators (T-LA 60) in the reference and sample arms 
iv. The X- and Y- galvos in the sample arm (two black power supplies) 

1. If powered properly, the LEDs on the servo board should become green 
v. The New Focus Detector 

General Operation of the Optical Coherence Microscope 
 
The procedure outlined in this section assumes that the OCM is properly setup and the electronics are 
powered based on the procedures described in the Basic Setup of the Optical Coherence Microscope. 

I. Launch the OCM software located on the Desktop 
a. The software automatically checks the two communication ports attached to the 

linear actuators 
b. Check to see that the two LED�s in the Translation Stage group in the software are 

green within ten seconds after the program is launched 
i. If one or both of the LED�s remain red, the communication between the 

actuators and the computer is not working (See Troubleshooting section) 
II. Initialization of the Sample Arm with a Mirror 

a. Ensure that both arms of the interferometer are unblocked 
b. Disconnect the BNC cable between the detector and the custom electronics. (The 

detector should only be connected to the SCB-100 / Data Acquisition System) 
c. Use the following settings for the New Focus 2001 Detector: 

i. Gain: 100 
ii. High Pass: DC 

iii. Low Pass: MAX 
d. Place a mirror on the sample arm 

i. The mirror should be perpendicular to the light path 
ii. The following table gives the approximate distance between the mirror and 

the edge of the microscope objective  when the sample arm is at its 
minimum position 

Objectives Distance between mirror 
and edge of microscope 

objective 
Mitutoyo 5X Objective 50-mm (2-in) 

Mitutoyo 10X Objective 46-mm (1¾-in) 
 

e. Translate the mirror from its minimum and maximum displacements, by adjusting 
the knob of the actuator, to ensure that nothing will touch the microscope objective.   
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i. Once this translation is complete, return mirror to its minimum 
displacement (it�s lowest position) using the knob 

ii. Twist the knob to it�s zero position � you should feel a slight resistance 
when turning the knob.  The LED on the actuator should turn off if you are 
in the zero position. 

f. Once the mirror is set, click the Initialize Mirror Button in the OCM software.  
i. The software will implement its routine to place the mirror�s surface at the 

focal point of the microscope objective 
ii. This process takes about 45-seconds. 

iii. If the initialization needs to be stopped, click the Cancel Button 
g. If the LED next to the Initialize Mirror Button turns green, the software found and 

placed the mirror at the focal point 
h. Don�t change the sample arm at this point � the location and the mirror are needed 

for the initialization of the reference arm 
III. Initialization of the Reference Arm 

a. Ensure that both arms of the interferometer are unblocked 
b. Disconnect the BNC cable between the detector and the SCB-100 / Data Acquisition 

System and reconnect the BNC cable between the detector and the custom 
electronics. (The detector should only be connected to the custom electronics.) 

c. Use the following settings for the New Focus 2001 Detector: 
i. Gain: 300 

ii. High Pass: 1K 
iii. Low Pass: MAX 

d. Click the Initialize Reference Button in the OCM software 
i. The software implements its routine to set the path length of the reference 

arm to the path length of the sample arm 
ii. This process takes about 1-minute 

iii. If the initialization needs to be stopped, click the Cancel Button 
e. If the LED next to the Initialize Reference Button turns green, the software found and 

set the reference arm to the correct path length 
f. Don�t change the reference arm after this point. 

IV. Initialization of the Sample Arm with the Specimen 
a. Remove the mirror from the sample arm 
b. Make the necessary adjustments to the sample arm based on the size of the specimen 

i. Lower the post, if needed 
ii. Place sample on the stage and position it accordingly using the red aiming 

beam as a guide 
iii. Lower the sample stage to its minimum position by twisting the knob on the 

actuator counter-clockwise 
1. The focused spot should be about 15-mm above the surface to be 

imaged 
iv. Raise the sample stage to its maximum position by twisting the knob on the 

actuator clockwise 
1. Be sure that nothing touches the microscope objective.  Move the 

galvo/objective assembly upwards if needed. 
v. Once again, lower the sample stage to its minimum position by twisting the 

knob on the actuator counter-clockwise. 
vi. Once at its lower position, twist the knob of the actuator to its zero position 

- you should feel a slight resistance when turning the knob.  The LED on 
the actuator should turn off if you are in the zero position. 

c. Use the following settings for the New Focus 2001 Detector: 
i. Gain: 30K 

ii. High Pass: 1K 
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iii. Low Pass: MAX 
d. Once the sample is positioned, click the Initialize Sample Button. 

i. The software implements its routine to place the highest surface of the 
sample location of the en face imaging plane. 

ii. This process takes about 90-seconds 
iii. If the initialization needs to be stopped, click the Cancel Button 

V. Preparing the Software for Single and Series Scans 
a. Specify the Conversion Factors for the particular microscope objective being used 

 Fast Galvo  
(X-direction) 

Slow Galvo  
(Y-direction) 

Mitutoyo 5X 
Conversion Factors 

(V/mm) 
3.15 3.15 

Mitutoyo 10X 
Conversion Factors 

(V/mm) 
6.25 6.25 

b. Specify the following parameters in the AI Control group box in the OCM software 
i. Set the dimensions of the desired scan(s) 

ii. Set the number of pixels in the three directions (X, Y, and Z) 
iii. Set the approximate index of refraction of the specimen 

1. 1.3 ~ 1.5 
2. Use 1.4 if unsure 

iv. Set the data acquisition rate  
1. Slower rates take longer but create better images 
2. Typical value is 15,000 samples / sec 

v. The shift factor lowers/raises the image if it previous images are offset 
VI. Acquiring Single Scan 

a. Click the Single Scan Button  
i. This process is timely � the extent of the scan depends on the dimensions 

and resolution of the scan 
b. Once completed, the image is displayed in the software 
c. If the operator wishes to save the image, the filename and directory should be 

specified in the File Saving Group.  Click the Save Button 
i. The software saves two files: a bitmap (*.bmp) and a text file (*.txt) of the 

data with specified filename and directory 
d. By right clicking on the image and deselecting the AutoScale option, the operator 

can set the maximum and minimum threshold values for the image 
e. If the image is offset vertically, subsequent images can be corrected using the shift 

factor, which shifts the image upwards if >0 and downwards if <0. 
f. The location of the imaging plane can be changed by entering a step size and 

clicking the Advance Image. 
i. Positive step size values raise the stage and thus lower the imaging plane 

ii. Negative step size values lower the stage and thus raise the imaging plane 
VII. Acquiring a Series of Scans 

a. Before running a series of scans, the operator should acquire a single scan(s) by 
clicking the Single Scan Button 

i. This is to ensure that the imaging is working correctly 
ii. Adjust shift factor that gives the best reconstructed image.  Take single 

scans and adjust the shift factor.  Use the shift factor that gives the best 
image. 

iii. Advance image if the operator wishes to change the location of the first 
image of the series 

b. Specify the filename and folder using the File Saving Group.  
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c. Click the Run Series Button  
d. Allow the system to collect all of the images.   
e. If for some reason the process needs to be stopped, click the Stop Series Button that 

appears when a series of scans in progress 
f. Once the images are acquired, the software returns the sample and reference arms to 

where the first image was taken. 
VIII. More Specimens To Scan 

a. If a new specimen is put into the sample arm, the initializations described in II � IV 
need to be repeated 

IX. Shutting Down the OCM System 
a. Close the OCM Software 
b. Power Down the electronics 

i. The Custom Electronics 
1. Piezo Power 
2. Demodulation Power 

ii. The linear actuators (T-LA 60) in the reference and sample arms 
iii. The X- and Y- galvos in the sample arm (two black power supplies) 
iv. The New Focus Detector 
v. The Computer 

 

 

Adjustment of the Custom Electronics 
 

I. Setup the test system as figure 2-3. A mirror should be put in the sample arm of 
interferometer which has not been shown in the figure.  

II. A T-shaped BNC connector should be used to connect the piezo driving signal to both 
oscilloscope channel 3 and piezo stack. Check oscilloscope screen, the signal should be about 
120.4-kHz frequency with 7.2 peak to peak value. (Usually OCM works fine with this driving 
signal) 

III. Initialize both sample arm and reference arm to get coherence signal. (refer to software 
manual) 

IV. By changing potential meter R1, signal frequency can be changed. Frequency should be set 
close to 120 KHz. And the signal peak to peak value is maximized without adjusting R2 and 
R3. 

V. If part of piezo driving signal is negative. Change R3 to increase DC offset. And also make 
sure the piezo driving signal doesn�t saturate at high voltage level. 

VI. Observe oscilloscope channel 2, the OCM one channel output signal. It should have as small 
variation as possible, when coherence signal phase shifts with temperature variation. Based on 
this rule, try to change potential meter R2 a little bit to minimize the output variation. You can 
tap the optical table to check the variation magnitude. 
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The piezo driver working frequency is piezo stack�s anti-resonant frequency, at which piezo stack has the 
maximum displacement with the same input voltage amplitude. 
 
•  Pre-amplify gain setting 
Switch S1 controls fiver resistors. Their resistances from position 1 to 5 are R1=10KΩ, R2=5.1KΩ, 
R3=2.4KΩ, R4=1.3KΩ, R5=750Ω. Those resistors are parallel connected, when switch is at �ON� position. 
Please refer to the attached circuit schematics.  By selecting different combinations, we can have different 

gain setting. The pre-amplify gain is equal to
R

KR Ω+10
 , where R is the effective resistance. Usually all 

five switches of S1 are at ON position. If you want to get less gain, you can disconnect some of those 
resistors. 
 
 

Alignment and Calibration of the Optical Coherence Microscope 
 

I. Adjustment of the Optical Isolator Polarization Paddles 
a. Disconnect the fiber from the output of the isolator from the two-by-two coupler. 

i. The single fiber from the WDM is connected to a fiber than runs through a set of 
polarization paddles to the input of the optical isolator.  Another fiber from the 
isolator output connects to the two-by-two coupler of the system.  

b. Insert the fiber from the output of the optical isolator to the fiber input on the back of the 
New Focus 2001 Detector. 
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i. If something is currently connected to the back of the detector, remove it 
temporarily and put a cap over it � to prevent damage to the fiber tip 

c. Connect the BNC connector on the output of the detector to one of the inputs of the 
oscilloscope.   

d. Turn on the oscilloscope and get the voltage signal from the detector. 
e. Set the following values for the New Focus 2001 Detector 

i. Gain: Any value such that the detector is not saturating � that is, the detector 
should be outputting a voltage less than ~7-V 

ii. High Pass: DC 
iii. Low Pass: MAX 

f. Adjust each paddle of the polarization paddle 
i. Rotate each paddle while watching the voltage level on the oscilloscope. 

Position it at the maximum voltage 
ii. Continue adjusting each paddle until the voltage level can not be increased any 

further. 
g. Reconnect the fiber output from the optical isolator to the fiber from the two-by-two 

coupler. 
h. Replace the fiber that was originally connected to the detector back into the detector. 
 

II. Alignment of Sample Arm  
a. Place mirror in sample holder and insure that the beam is incident upon the mirror.  

Adjust screws on sample holder base if necessary.  
b. Move the sample arm attenuator up and down to make sure that the focal point is in the 

range of motion.  
c. Open the OCM program and click on the initialize sample button. 
d. The mirror is now in the focal plane of the system. 

 
III. Alignment of Sample Arm (If there are problems) 

a. Double check light source and all components to make sure that they are turned on and at 
the proper settings. 

b. Select Display Graph under system information.  A tall thin peak should be seen on the 
graph.  If not try again. 

c. Any microscope objective should be able to be placed into the system without 
realignment.  Should there be an alignment issue follow these steps. 

•  Remove microscope objective. 
•  Move sample arm to lowest position and mark location of beam on table. 
•  Move sample arm to highest position and adjust galvo mirrors or collimator to relocate 

the spot to the mark on the table.  Repeat steps b and c if necessary. 
•  Replace microscope objective.  Move stage height to location where the spot is focused 

on the table.  Ensure that the beam is centered on top of the objective and the spot is on 
the marked location. 

 
IV. Alignment of Reference Arm 

a. Ensure the distance from the motorized stage and hand adjustable stage is set (within the 
range of motion) so that the sample arm length can be matched. 

b. Place the OZ Optics beam collimator on the motorized stage and a post in the other stage.  
Adjust the beam until it is parallel with the table, and that the beam does not shift as the 
motorized stage is moved from its maximum to minimum locations. 

c. Attach BNC cable from detector to an oscilloscope.  Replace the post with the piezo-
collimator assembly.  Block the sample arm beam. 

d. Adjust assembly so that the beam is centered upon the lens and piezo mirror.  Adjust the 
lens to piezo distance to obtain a maximum voltage on oscilloscope.  Saturation of the 
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detector is at about 7 Volts, change gain as necessary.  Small changes to the tip and tilt of 
piezo may be helpful. 

e. In the system information box click on Calibration Controls then Scan Reference arm.  
There should be less that 5% variation across the entire scan. 

V. Alignment of Reference Arm Polarization Paddles 
a. Follow the procedures outlined in the General Operation of the Optical Coherence 

Microscope for the initialization of a mirror (Section II) 
b. Follow the procedures outlined in the General Operation of the Optical Coherence 

Microscope for the initialization of the reference arm (Section III) 
c. Connect the BNC output from the New Focus 2001 Detector to one of the channels on 

the oscilloscope.  Power the oscilloscope and adjust the Volts/Div and the Sec/Div until 
you see a sinuosoidal waveform. 

d. Adjust each of the paddles to maximize the peak-to-peak levels of this waveform.  
Continue this adjustment until the peak-to-peak voltage level can not be increased any 
further. 

VI. Calibration of the Microscope Objective 
a. This calibration is used to determine the calibration factors that relate voltage to 

displacement for both the X- and Y- directions.  The factors have already been 
determined during the design of the system and are listed in Table 3-1. 

b. Perform the normal operating procedures for the Initialization of Mirror and Initialization 
of Reference.  For the sample, place a measurement standard (a ruler, grating, etc) such 
that it is oriented horizontally, that is in the y-direction.   

c. Make the following settings on the New Focus 2001 Detector: 
i. Gain: It depends on the measurement standard and its reflectivity � try 1k to 30k  

ii. High Pass: 1K 
iii. Low Pass: MAX 

d. In the Calibration Controls group, insert 1.0 for both calibration factors.  This means the 
values used in X distance and Y distance are voltages 

e. Click the Initialize Sample button and display the graph. 
i. A peak should be observed in the first plot in the graph 

1. If not, cancel the process, and change the gain until a peak is observed 
f. Once sample is initialize, take an image of the measurement standard 
g. Using the image of the standard, measure the width of the image.  The Y- calibration 

factor is then width of image (mm) 
 

 
 

 
 

Troubleshooting the Optical Coherence Microscope 
 
PROBLEM:  The LED�s next to the COM Port 1 or 3 remain red after the program has been started 
 
SOLUTION: The computer cannot communicate with the translation stages. 

1. Check to see the following connections 
a. Connection between the sample arm linear actuator (T-LA60) and COMM Port 1 

using the cable located closest to the knob of the actuator 
b. Connection between the reference arm linear actuator (T-LA60) and COMM Port 3 

using the cable located closest to the knob of the actuator 
2. Reboot the computer 
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3. If problem continues, the problem is between the operating system of the computer and the 
physical COM ports.  Use the Control Panel to troubleshoot this problem 

 
PROBLEM:  The LED next to Initialize Mirror Button doesn�t turn green after initialization 
SOLUTION:  

1. Check the following connections 
a. Connection between the twisted pair labeled Detector to the one port on a BNC splitter 

that is attached to the output of the New Focus 2001 Detector.  
b. Connection between the sample arm linear actuator (T-LA60) and COMM Port 1 using 

the cable located closest to the knob of the actuator. 
2. Be sure the custom electronics are powered up (both the piezo-driving and signal 

demodulation systems) 
3. Check the following settings on the New Focus 2001 Detector 

a. Gain: 300 
b. High Pass: DC 
c. Low Pass: MAX 

4. Check that the SuperLum light source is on. 
5. Check to see that mirror is in the sample arm and is approximately perpendicular to the light 

path 
6. Check to see that nothing is blocking the light path in the sample arm 
7. Check the linear actuator (T-LA60) of the sample arm. 

a. If the orange LED is on (even if it is dimly lit), the knob of the actuator is not at its zero 
position 

i. Twist the knob on the actuator until the orange LED goes off � you should be 
able to feel when the knob is at this zero position. 

8. Click the Display Graph Button in the System Information group of the software 
9. Click the Initialize Mirror Button  

a. Check to see that the translation stage is moving during the process 
i. If not, cancel the process, and then reset the actuator by unplugging the power to 

the actuator and then plugging it back in 
b. The first graph that is plotted should contain a clear peak in the voltage 

i. If no peak is obtained: 
1. Ensure that mirror is translating and its range of travel passes through 

the focal point of the objective, that is, 37.5-mm or 33.5-mm below the 
bottom edge of the 5X and 10X objectives, respectively.   When the 
sample arm is in its home position, the mirror should be approximately 
52.5-mm or 48.5-mm below the bottom edge of the 5X and 10X 
objectives, respectively. Retry Initialization. 

2. Change the two 9-V batteries in the New Focus 2001 Detector. Retry 
Initialization. 

ii. If peak is obtained in first plot but subsequent plots in the routine become noise, 
the software is not converging on the focal point.  Software needs to be 
debugged. 

 
PROBLEM:  The LED next to Initialize Reference Button doesn�t turn green after initialization 
SOLUTION:  

1. Check the following connections 
a. Connection between the twisted pair cable labeled X1 from SCB-100 and the X1 BNC 

Connector of the electronics box. 
b. Connection between the twisted pair cable labeled Y1 from SCB-100 and the Y1 BNC 

Connector of the electronics box. 
c. Connection between the twisted pair cable labeled X2 from SCB-100 and the X2 BNC 

Connector of the electronics box 
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d. Connection between the twisted pair cable labeled Y2 from SCB-100 and the Y2 BNC 
Connector of the electronics box 

e. Connection between the reference arm linear actuator (T-LA60) and COMM Port 3 using 
the cable located closest to the knob of the actuator. 

f. Connection between the free port of the BNC splitter that is attached to the output of the 
New Focus 2001 Detector and the BNC Connector Labeled From Detector on the custom 
electronics box 

g. Connection between the BNC Connector labeled To Piezo and the BNC Connector 
attached to the piezo in the reference arm of the OCM. 

h. Check both power connections to custom electronics (piezo-driving signal and 
demodulation electronics) 

i. Check power to reference arm actuator 
2. Check for the following settings on the New Focus 2001 Detector 

a. Gain: 300 
b. High Pass: 1K 
c. Low Pass: MAX 

3. Check to see that nothing is blocking the light path in the reference arm (except for the usual 
components such as the dispersion compensation glass, the ND filters, and lens) 

4. Check to see that the sample arm is still in its correct position following initialization of the 
mirror (Mirror Initialization Button) 
a. The sample arm should not have been touched after the Mirror Initialization.   

5. Check the linear actuator (T-LA60) of the reference arm. 
a. If the orange LED is on (or even if it is dimly lit), the knob of the actuator is not at its 

zero position 
i. Twist the knob on the actuator until the orange LED goes off � you should be 

able to feel when the knob is at this zero position.   
6. Click the Initialize Reference Arm Button 

a. Check to see that the translation stage is moving during the process 
i. If not, cancel the process, and then reset the actuator by unplugging the power to 

the actuator and then plug it back 
b. In the graph (To show the graph click Display Graph) 

i. For the initial scan, the plot should show a peak voltage 
1. If the initial scan is just noise, re-align the reference arm based on the 

procedures outlined in Alignment and Calibration of the Optical 
Coherence Microscope 

ii. The subsequent scan should zoom in on this peak voltage 
1. If subsequent scans only show noise, the software is not properly 

converging on the peak voltage.  Debugging is needed. 
7. Check the piezo-driving signal based and make necessary adjustments, as outlined in 

adjustment of custom electronics. 
 

PROBLEM:  The LED next to Initialize Sample Button doesn�t turn green after initialization 

SOLUTION:  

1. The operator should have just completed the Initialize Mirror and Initialize Reference 
routines before clicking the Initialize Sample button. 

2. Check the following connections: 
a. Connection between the twisted pair cable labeled X1 from SCB-100 and the X1 BNC 

Connector of the electronics box. 
b. Connection between the twisted pair cable labeled Y1 from SCB-100 and the Y1 BNC 

Connector of the electronics box. 
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c. Connection between the twisted pair cable labeled X2 from SCB-100 and the X2 BNC 
Connector of the electronics box 

d. Connection between the twisted pair cable labeled Y2 from SCB-100 and the Y2 BNC 
Connector of the electronics box 

e. Connection between the reference arm linear actuator (T-LA60) and COMM Port 3 using 
the cable located closest to the knob of the actuator. 

f. Connection between the free port of the BNC splitter that is attached to the output of the 
New Focus 2001 Detector and the BNC Connector Labeled From Detector on the custom 
electronics box 

g. Connection between the BNC Connector labeled To Piezo and the BNC Connector 
attached to the piezo in the reference arm of the OCM. 

h. Check both power connections to custom electronics (piezo-driving signal and 
demodulation electronics) 

i. Check power to sample arm actuator 
3. Check for the following settings on the New Focus 2001 Detector 

a. Gain: 30K 
b. High Pass: 1K 
c. Low Pass: MAX 

4. Check to see that the sample is located properly in the sample arm. 
5. Check to see that nothing is blocking the sample arm 
6. Check to see that the reference arm is in its position that was set by the Initialize Reference 

button. 
7. Check the linear actuator (T-LA60) of the sample arm. 

a. If the orange LED is on (or even if it is dimly lit), the knob of the actuator is not at its 
zero position 

i. Twist the knob on the actuator until the orange LED goes off � you should be 
able to feel when the knob is at this zero position.   

8. With the graph displayed, click Initialize Sample button. 
a. Check to see that the translation stage is moving during the process 

i. If not, cancel the process, and then reset the actuator by unplugging the power to 
the actuator and then plug it back 

b. The first plot should show peaks in the signal 
c. If no peaks are detected, decrease the gain of the New Focus 2001 detector from 30K to 

10K or 3K. Re-initialize the sample again. 
i. If peaks show up in the graph with these gain settings, use these settings instead 

of the usual gain of 30k when imaging this particular sample 
d. If peaks show up in the initial plot but subsequent plots are just noise, the software is not 

converging on the maximum voltage. Debugging is needed. 
 

PROBLEM:  The contrast of the image(s) is very low. 

SOLUTION:  

1. Increase the gain of the New Focus 2001 detector (if possible). Take another image to see if 
the contrast improved. 

2. Increase the gain in the demodulation electronics (if possible).  Take another image to see if 
the contrast improved.  See the procedure outlined in the Adjustment of the Custom 
Electronics. 

3. Reinitialize mirror, reference, and sample arms 
4. Check the piezo-driving signal and the corresponding displacement. 
5. Replace batteries in New Focus 2001 detector. 
6. Realign mirror and sample arms based on the procedure outlined in the Alignment and 

Calibration of the Optical Coherence Microscope 
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 Appendix I.5, Parts List 
 

OCM Parts List      

 Light Sources Est. Price Qty Total Price Manufacturer Part Number 
C Light source $3,790.00 1 $    3,790.00 Superlum SLD-371-HP-DIL-SM-PD
C Diode Driver $1,260.00 1 $    1,260.00 Superlum Pilot2 
C Aiming Beam $425.00 1 $      425.00 Thorlabs LPS-3224-635-FC 
C Aiming Beam Driver $99.00 1 $        99.00 Thorlabs EK1101 
C Acopian Power supply $200.00 1 $      200.00 Acopian 9J200 
       

 Fiber Interferometer      
X 2X1 WDM $535.00 1 $      535.00 Gould Quote LR04177 
C 2X2 50/50 Splitter $250.00 1 $      250.00 AC Photonics WP83500202C3221 
C Isolator $1,200.00 1 $    1,200.00 Oz Optics custom 
X Fiber polarization Controller $292.50 2 $      585.00 Fiber Control FPC-3 
A APC/APC connector $20.00 1 $        20.00 Oz Optics  
A Table clamps $5.50 2 $        11.00 Thorlabs CL4 
       

 Reference Arm      
X Fiber collimator $322.00 1 $      322.00 Oz Optics custom 
A Custom piezo mount disk $102.92 1 $      102.92 U of A N/A 
A Silvered coverglass $0.00 1 $             - U of A N/A 
A Focusing Lens $69.00 1 $        69.00 Newport KPX076AR18 
C X Translator $440.82 2 $      881.64 Newport 462-X-M 
A Optical mount $108.00 1 $      108.00 Newport U100-P2K 
X Lens Holder $22.00 1 $        22.00 Newport LH-1 
A Prism table clamp $14.00 1 $        14.00 Newport PT-1C 
X ND filters $53.00 3 $      159.00 Thorlabs ND03A,ND06A,ND10A 
C Piezo Stack $68.00 1 $        68.00 Thorlabs AE0203D04 
A Piezo Stack $68.00 5 $      340.00 Thorlabs AE0203D05 
A Piezo Driver $680.00 1 $      680.00 Thorlabs MDT694 
C Threaded Kinmatic Mount $84.00 1 $        84.00 Thorlabs KC1-T 
C Extension rod 3.0" $6.75 4 $        27.00 Thorlabs ER3 
C 30mm Cage Plate $16.00 1 $        16.00 Thorlabs CP02 
X Fine Adjustment Screw $7.70 1 $          7.70 Thorlabs FAS 150 
X Adjuster Nuts & Bushing $7.00 1 $          7.00 Thorlabs N80L5 
A Post Holder $7.50 4 $        30.00 Thorlabs PH1-ST 
A Post $5.75 4 $        23.00 Thorlabs TR2 
A Base $6.00 2 $        12.00 Thorlabs BA1S 

C LINEAR ACTUATOR, 60MM $1,500.00 1 $    1,500.00 
Edmund Indust
Optics NT 56-542 

X Prism $37.40 2 $        74.80 
Edmund Indust
Optics NT43-649 
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 Sample Arm      
C Mirror mount $42.78 1 $        42.78 Newport P100-P 

C MITUTOYO OBJ PLAN NIR 5 $1,160.00 1 $    1,160.00 
Edmund Indust
Optics NT46-402 

C MITUTOYO OBJ PLAN 10X $637.00 1 $      637.00 
Edmund Indust
Optics NT46-144 

C Scanning galvos $475.00 2 $      950.00 
Cambridge 
Technologies 6210 

C XY mount for galvos $195.00 1 $      195.00 
Cambridge 
Technologies 6102103R 

C Galvo drivers $495.00 2 $      990.00 
Cambridge 
Technologies 67121-1 

C Cables $50.00 1 $        50.00 
Cambridge 
Technologies 6010-22-080 

C Power supply for galvos $493.00 2 $      986.00 Vicor VI-MUL-CSCC 
X ~12" x 24" x 1" breadboard $0.00 1 $             - Surplus from la  
C XYZ Translator for sample sta $1,139.25 1 $    1,139.25 Newport 462-XYZ-LH-M 

C LINEAR ACTUATOR, 60MM $1,500.00 1 $    1,500.00 
Edmund Indust
Optics NT 56-542 

X Fine Adjustment Screws $7.70 1 $          7.70 Thorlabs FAS 150 
X Adjuster Nuts & Bushings $7.00 1 $          7.00 Thorlabs N80L5 
A Post Holder $7.50 1 $          7.50 Thorlabs PH1-ST 
A Post $5.75 5 $        28.75 Thorlabs TR2 
A Custom built objective holder $127.50 1 $      127.50 U of A N/A 
A Table clamps $5.50 6 $        33.00 Thorlabs CL4 
X Rod Clamp $109.00 1 $      109.00 Newport 370-RC 
X Damped Rod with Rack $279.00 1 $      279.00 Newport 75 
X Fiber collimator $322.00 1 $      322.00 Oz Optics custom 
A Right angle connectors $15.00 2 $        30.00 Newport CA-1 
       

 Detection and Processing      
X Detector $1,090.00 1 $    1,090.00 New Focus 2011FC 
A Custom Electronics $300.00 1 $      300.00 Custom Built  

C DAQ Board (NI PCI-6071E) $1,795.50 1 $    1,795.50 
National 
Instruments 777515-01 

C Cable (SH011011) $135.00 1 $      135.00 
National 
Instruments 182853-01 

C Terminal Block (SCB-100) $265.50 1 $      265.50 
National 
Instruments 776990-01 

C 9V supply $79.00 1 $        79.00 Thorlabs LDS2 
C Power Strip $19.98 1 $        19.98 Thorlabs SP610 

X TRIPPLITE Isolation Transfor $191.67 1 $      191.67 
(distr.) Newark 
Electronics IS-1000 

A PC with Monitor $950.99 1 $      950.99 custom built custom built 
A Windows software $331.44 1 $      331.44 Microsoft na 
A Serial Port Card $32.27 1 $        32.27   
A Visual C#.net software $300.00 1 $      300.00 Microsoft na 
       

 Vibration Control Table      
C VH IsoStation $4,219.50 1 $    4,219.50 Newport quote # QT 186435 
C Compressor $1,045.00 1 $    1,045.00 Newport ACMP 
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 Display and Diag. Equip.      
C Oscilloscope $2,750.00 1 $    2,750.00 Tektronix TDS-2024 
X BNC cables $10.00 4 $        40.00 various vendors  
X IR card $100.00 1 $      100.00 New Focus 5842 
       

A Shipping $642.25 1 $      642.25 
various, SLD, 
returns 

does not include CSU-
bought 

A Tax $132.85 1 $      132.85  
does not include CSU-
bought 

       
 Total   $35,945.49   
       
       
       
       
 ITEMS PURCHASED AND NOT USED     
       
A XYZ Translator for fiber $1,139.25 1 $    1,139.25 Newport 462-XYZ-LH-M 
A Mirror Mount $42.78 1 $        42.78 Newport P100-P 
A Focusing Lens $69.00 1 $        69.00 Newport KPX076AR18 

C LabVIEW full dev. System $498.75 1 $      498.75 
National 
Instruments 776670-03 

A fiber polarization controller $250.00 1 $      250.00 Thorlabs FPC030 
A swivel and coupler $89.00 1 $        89.00 Thorlabs C3A 
C Extension rod 2.0" $6.00 4 $        24.00 Thorlabs ER2 
C Detector $1,050.00 1 $    1,050.00 Optiphase V500-1FC-SI 
A Laser collimator $87.00 2 $      174.00 Thorlabs LDH9-P1 
C 2X1 WDM $500.00 1 $      500.00 Gould 40-20300-31-25600 
A Swivel end coupler $89.00 1 $        89.00 Thorlabs C3A 
A Prism, Rt Angle Uncoated $49.00 2 $        98.00 Newport BRP-25.4 
       
 Total   $    4,023.78   
       
       
       
 Total price for items with "X"   $    3,858.87   
       
 C = ordered by CSU      
 A = ordered by UA on OCM account     
 X = Barton lab parts      
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