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 ABSTRACT 

  
A terahertz imaging system was built from commercially available hardware whose functionality 

was integrated through home-made software with the goal of building a terahertz imaging 

platform for which other terahertz technologies would be born out of. 

The core of the system is based on terahertz time domain spectroscopy; a technique in which 

terahertz radiation is generated and detected by optically gating an emitter and detector 

respectively. Terahertz images of common objects found in a laboratory were produced primarily 

to test and calibrate the system  and a new modality for achieving three-dimensional terahertz 

imaging for systems setup in transmission geometry is proposed based on these images. 
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 CHAPTER 1 
INTRODUCTION 

 

Terahertz radiation (0.1THz – 10 THz) lies between the microwave and infrared regions of the 

electromagnetic spectrum. [1] For a long time, this region of the spectrum often referred to as the 

“T-gap”, had been underexplored due to the lack of bright sources and detectors as electronic 

techniques failed to operate above a few hundred gigahertz and optical techniques failed to 

operate below a few hundred terahertz. Broadly, radiation around this frequency (1 THz - 1012 

Hz) have photon energies that range from 0.4meV to 40mEV and wavelengths that range 

between 0.03mm – 0.3mm. 

Interest in region of the stem from the facts that terahertz radiation is 

 Non ionizing 

 Highly sensitive to polar substances 

 Explosive materials, such as TNT, have strong molecular, rotational and vibrational 

signatures in the terahertz regime 

 Non-conducting materials, such as plastics, paper, cloth etc., are transparent in the 

terahertz regime 
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Practical applications of terahertz radiation have be demonstrated in the areas of explosive 

detection [2], bio-sensing and imaging [3-7], astronomy [1, 8], remote inspection and 

spectroscopy analysis of pharmaceutical pills and capsules [9, 10], and art conservation [11]. 

The goal of this work was to develop a terahertz imaging system. This thesis provides a 

discussion on the methods and procedures used to accomplish this goal. 

1.1 Outline of Thesis 

This thesis is organized into five chapters. Chapter 2 reviews the experimental tools –hardware 

and software- and procedures used in this work. Chapter 3 provides a detailed review of 

commonly used analysis techniques in the field of digital signal processing (DSP) and how they 

can be applied to analyze terahertz data. Chapter 4 provides a discussion of the results derived 

from the designed terahertz imaging system. Finally, conclusions and future work are described 

in chapter 5.
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 CHAPTER 2 
EXPERIMENTAL PROCEDURE 

 

This chapter gives a description of the tools, hardware and software, that were used to build the 

THz TDS imaging system. It starts with a description of each of the hardware equipment used to 

build the THz imaging system and moves on to discuss the software tools used. 

2.1 Mechanics of Equipment 

Terahertz imaging involves the use of THz transients to produce images of objects. The system 

built in this work employs the use of short pulses of THz radiation; this was first demonstrated 

by B.B. Hu and M.C. Nuss in 1995 [12]. Key hardware components of the system include a 

terahertz time domain spectrometer, a lock-in amplifier, and a three-axis motion controller. A 

functional description of these equipments is provided in subsequent sections. Imaging 

algorithms were written with home-made software that integrates the functionality of the 

equipments in order to produce THz images. 
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Figure 2-1 Schematic of THz imaging system 

 

2.2 Hardware Tools 

2.2.1 Z-2 Time Domain Spectrometer 

The Z-2 time domain spectrometer -supplied by Zomega- is a device that employs time domain 

spectroscopy. In order to understand its operation, terahertz time domain spectroscopy must first 

be introduced. Terahertz TDS is a spectroscopic technique which uses short pulses of terahertz 

radiation to probe the properties of materials. The technique employs a pump and probe scheme 

[13], in which a pump beam is used to generate the THz pulses and the probe beam is used to 

gate the THz detector.  
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Control of the spectrometer is achieved through software (coded in LabVIEW) provided by the 

manufacturer. The key components of the spectrometer are the photoconductive antenna which is 

used for THz generation, the electro-optic crystal which is used for THz detection, and the delay 

stage which is used for time-resolved detection. 

THz Generation with Photoconductive Antenna. The spectrometer is pumped by a mode-locked 

Ti:Saphirre laser emitting 120 fs pulses at a wavelength of 780 nm, a 76 MHz repetition rate and 

an average power of 120mW and these pulses are split into two beams: a probe beam and a pump 

beam. The pump beam is guided onto to the pc antenna via preposition optics. The pc antenna is 

made of LT-GaAs in which coplanar transmission strips are patterned. A high voltage is applied 

across the strips and when the antenna is struck by the pump, electron-hole pairs are generated 

within the antenna. This induces a polarization across the coplanar strips which create a transient 

current that radiates a terahertz pulse ([14] See Figure 2-2). The THz pulse is focused with a 

poly-ethylene lens to a diffraction limited spot; the spot size is about 0.5mm (see Appendix A, 

Determination of Spot Size). The voltage on the strip lines is supplied by a High Voltage 

Modulator whose output voltage is modulated by a lock-in amplifier. 
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Detection with Electro-optic Crystal. Terahertz detection is accomplished by electro-optic 

sampling the THz signal with a Wollaston prism. Electro-optic sampling is an optical technique 

that exploits the linear electro-optic effect; a Wolston prism –which is simply a ZnTe crystal- is a 

type of electro-optic crystal that exploits this effect. This linear electro-optic effect is also known 

as the Pockels effect.  The probe beam is guided onto the electro-optic crystal via a delay line. 

The probe beam and THz beam are passed to the crystal collinearly. This gives the probe beam 

an elliptical polarization that is proportional to the intensity of terahertz radiation passing 

through the crystal. The horizontal and vertical components of the beam are sent to a pair of 

photodiodes for balanced detection [15]. The voltage from these photodiodes is then measured 

by a lock-in amplifier. 

The Role of the delay stage. The delay stage is a mechanical stage which controls the arrival 

time of the THz pulse at the detector([14] See Figure 2-3); the THz pulse is delayed at the 

source. The delay stage allows for time-resolved detection of the entire THz temporal waveform 

Figure 2-2  Illustration of THz generation 
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and it has a movement resolution of 0.01 mm. There is a folding mirror located on the surface of 

the stage which serves to increase (or decrease) the optical path length of the pump beam by a 

factor of four. Hence, theoretically, the smallest distance between subsequent samples acquired 

from the spatial THz waveform is 0.04 mm. The delay stage has a 10 cm range of motion.  

 

Figure 2-3 Terahertz detection process 

 

2.2.2 Lock-In Amplifier 

A lock-in amplifier is a type of amplifier that is used to extract information about an input signal 

at a specific frequency; it is also known as a phase sensitive detector. It is an important tool for 

THz TDS because of its ability to sense signals in extremely noisy environments. It exploits the 

orthogonality of sinusoidal functions. When a sinusoidal function with frequency f1 (input 

signal) is multiplied by another sinusoidal function with frequency f2 (reference signal) and 

integrated over a time greater than the period of either sinusoid, the results is zero. However, if 

f1 equals f2, and the functions have the same phase-hence the phase sensitive detection- then 

their product yields a DC voltage that is proportional to the amplitude of that frequency 

component f1 in the input signal. The lock-in amplifier used in this work was a commercially 

available product supplied by Stanford Research Systems. 
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2.2.3 Motion Controller & 3-Axis Stage 

The 3-axis stage consists of three mechanical linear stages arranged together to form a three-axis 

(x, y, z) stage. A linear actuator is attached to each stage which are controlled by the motion 

controller. The sample to be imaged is attached to the three-axis stage; the x and z axes move the 

sample within the focal plane of the diffracted limited THz spot while the y axis moves the 

sample to a focal plane. The linear actuators have a resolution of 0.00001 mm (See Appendix A, 

Motion Controller Setup). 

 

2.3 Software Tools 

2.3.1 LabVIEW 

LabVIEW (Laboratory Virtual Instrumentation Experimental Workbench) is a visual 

programming software package created by National Instruments. It was the clear choice for 

which to create a home-based data acquisition program because most of the hardware equipment 

had programming examples for their operation and DLLs (Dynamic Link Libraries)- in source 

code-  written and tested in LabVIEW. As a result, it was a logical starting point for 

programming. Alternative options included programming in the Microsoft Visual Studio 

Development package (MS Visual Studio). Although, MS Visual Studio has its benefits, the 

overhead required for implementing and testing would have been more substantial than that 

involved with LabVIEW. 

2.3.2 Matlab 

MATLAB is a computing language for algorithm development. It was chosen for this task 

because of its superiority in performing mathematical computations when compared to other 
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available and accessible software. In comparison it offers more flexibility for algorithm 

development, it is faster at performing computations and allows for better data representation. 

2.4 TeraVision 

TeraVision is a graphical user interface designed for acquisition of terahertz data which was 

programmed in LabVIEW. It was designed to be intuitive and user-friendly and features real-

time THz imaging, spectroscopic analysis, and tools for calibration of certain hardware. It was 

built upon open source software (Z-2 software) supplied by Zomega for operational control of 

the Z-2 Time Domain Spectrometer and as a result bears some functional similarities to the Z-2 

software. 

 

 

Figure 2-4 TeraVision Front Panel 
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Terahertz radiation has many unique attributes not seen in other forms of radiation; however, 

there is a lack of practical devices that take advantage of the many features that THz have to 

offer. One such device could be a THz camera for security screening at airports which could 

potentially revolutionize the homeland security industry. Therefore, in the design of TeraVision, 

the ultimate goal was to create a program that would be a platform for the development of other 

THz platforms, technologies and practical devices.  Teravision integrates traditional hardware 

equipment used for THz Imaging into “one simple easy to use” software package.  

The non-functional requirements for TeraVision were as follows: 

 User-friendliness: to allow for seamless use of the software by future THz researchers for 

the continuation of the THz imaging field. 

 Open-source: to allow for external development in order to improve or build new THz 

platforms and technologies. 

 Practicality: to eliminate the hassles of having to deal with hardware. 

 

2.4.1 Programming Architecture 

Programming files in LabVIEW bear a “.vi” extension. Teravision.vi is the top-level program 

which makes use of other subVIs. Since Teravision is open source, specific details about the 

operation of certain functions and modules cannot be discussed, however, an overview is given. 

Only certain aspects pertinent to user understanding of the operation of TeraVision will be 

discussed in this thesis.  When TeraVision is executed, it starts up in the following sequence: 

Load Settings, Establish Hardware Communication, Save Settings, Wait For User Interaction. 
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Figure 2-5 TeraVision start-up sequence 

 

Load Settings. When the software is run, it starts by reading the last user saved settings for all 

hardware equipment for which communication is needed.  Hardware equipment consists of two 

sub-categories; essential and non-essential. Essential hardware equipment, as the name implies, 

are the equipments which are integral to acquisition of data for terahertz imaging and 

spectroscopy and such equipment include the Z-2 time domain spectrometer, the Lock-in 

Amplifier and the ESP Motion Controller.   

Equipment settings are stored in a configuration file called “Config.dat” which is located in the 

program directory. If the file is not present in the program directory, a prompt appears asking for 

the location of the file. Config.dat can be opened and modified with any text editor, however, 

care should be taken when editing it as the file is formatted to be read in specific way. Hardware 

settings for the ESP motion controller are not included in the configuration file.  

Establish Hardware Communication. After equipment settings have been successfully loaded, 

the next step in the sequence is to establish communication with all essential hardware 

equipment. Connections are handled by “connection handlers” and each piece of hardware 

equipment has a connection handler built for it. For non-essential hardware, a menu is provided 
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to select them for use. If a connection to all essential hardware equipment can be established, the 

program moves on to the next step in the sequence. However, if a connection cannot be 

established on at least one hardware equipment, the program waits until a connection can be 

made to that (or those pieces of) equipment. Note that the program identifies each device by its 

manufacturer name. So simply plugging a device to a port in attempt to trick the program will 

not establish a connection. 

Save Settings. This step writes the current port addresses of all equipments to the configuration 

file (i.e. Config.dat) and prompts the user to home mechanical devices. The program then 

proceeds to wait for user input.  

Wait For User Input. The “Wait For User Input” is the last step in the start-up sequence. It 

handles all user interaction with the front panel of TeraVision. The program remains at this step 

until it is aborted by the user.  

2.4.2 User Interaction with Front Panel 

The front panel of TeraVision consists of four tabs each of which is designed to handle a specific 

task or function. In addition to these tabs, there is a separate panel –called the ESP Control 

Panel- which handles user interaction with the ESP motion controller. In this section, events 

caused by user interaction with the front panel are discussed by the tabs in which they appear. 

 

 

Figure 2-6 Tabs on the front panel of TeraVision 
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Settings Tab. This tab allows for the alteration of basic settings of all hardware equipment 

attached to TeraVision after start-up. The ESP is the only hardware for which settings cannot be 

altered. 

Spectroscopy Tab. The main function of this tab is to perform spectroscopic analysis of samples. 

It displays the THz temporal waveform and the corresponding power spectrum computed with a 

fast Fourier. There are three main controls: Start scan, save, and a set of scan controls. The other 

controls allow for help to troubleshoot the spectrometer. 

Start Scan enables or disables data acquisition for spectroscopic analysis. Clicking the Save 

button saves the data after it has been acquired and the scan settings control controls the speed of 

the delay stage (which in turn controls the acquisition time) 

Imaging Tab. The main function of this tab is to acquire THz imaging data. The main controls 

are Start Imaging , the set of frame controls and the set of image controls.  

Tool Box Tab. This contains links to other programs, such as some hardware configuration 

utilities and external programs such as TeraImage and Notepad. 

2.4.3 The Imaging Routine 

The imaging subroutine is executed when the user clicks on the “Start Imaging” button on the 

imaging tab of the front panel. When initiated, the program asks the user for a “SessionID”. The 

“SessionID” is a tag that will be used to identify any user data generated from the session; it will 

also be appended to the name of the parent directory that will be used to store the data. Any 

controls that would interfere with data acquisition are disabled in order to avoid two processes 



 

14 
 

communicating with the hardware equipment at the same time. If this were to occur, it may 

overload the communication buffers which could lead to communication failure. Additionally, 

the data sent or received might not be representative of what the user’s intentions. 

At the start of the routine, the frame height and width, and the resolution for the x and z axes are 

verified. The frame height and width refer to the height and width of the objective in which a 

sample lies. The resolution of the x and z axes determine pixel pitch of the image. The total 

number of pixels is determined from these parameters (See Data Acquisition in Chapter 3). 

Specifically, the program verifies that either the frame height or width is greater than zero. 

If the frame and image settings are valid, the program proceeds to open up a configuration utility. 

Placing certain samples in the terahertz beam path delays the beam and these utilities help the 

user locate the terahertz beam. Should a user decide to image without calibrating, the data 

acquired might not be representative of the sample.  

Regular Scan Algorithm. The motion controller moves to the starting position while the delay 

stage moves within the range of the THz beam. This is process is repeated until all pixels in an 

image have been acquired. The advantage of this algorithm is that each pixel contains 

spectroscopic data. However, it comes at the expense of acquisition time. 

Fast Scan Algorithm. The motion controller moves to the starting position while the delay stage 

remains at a fixed position for all pixels. The data acquired with this algorithm is significantly 

reduced when compared to the regular scan algorithm. As a result, acquisition time is 

significantly reduced. Data acquired from a fast scan is a subset of that of a regular scan. This 

data can be extracted by using the fixed delay analysis when processing the data.  
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2.4.4 ESP Control Panel 

The “ESP Control Panel” is a utility that is used to handle user interaction with the ESP motion 

controller. It allows the user to control the absolute position of all actuators, enable or disable the 

actuators. It includes a home button which allows all three actuators to be homed. Homing is a 

process mechanical devices perform in order to return to an absolute reference position. The 

communication channel between TeraVision and the ESP is the busiest amongst all channels and 

this is why a separate utility was created.  

 

2.4.5 Data Storage 

Data are stored in the user-selected database directory. For every terahertz imaging session, a 

parent or root folder is created which contains three sub-folders (or sub-directories). The names 

of these subfolders are “Data”, “Images”, and “Spectroscopy”. The purpose of the data folder is 

to store data acquired from the data acquisition process while that of the images folder is to store 

any images generated from data analysis. The spectroscopy folder is there to store any 

spectroscopic data of any of any constituent materials of a sample been imaged. The parent 

directory is named as follows: 

 

An example of such a folder is “2010_Jan_20_Wed_133756_TestSession”. HHMMSS refer to 

Hour, Minute, and Seconds respectively. The idea behind the nomenclature is to allow a file to 

be easily located at another point in time. This provides a user with a lot of search options that 

facilitate locating a file. 



 

16 
 

The data file is comprised of two parts: 1) File Header, 2) Raw data. The file header contains 

information relevant to interpreting the Raw Data. The file header also includes information that 

could help one repeat the imaging process. 

Data are stored dynamically i.e. each newly acquired set of data is immediately written and 

saved to the data file. This reduces the chances of loss of data occurring. After all data have been 

acquired and saved, the data file is then set to read only-mode. This is meant to prevent 

accidental editing or deleting of parts of the data file. 

 

2.5 TeraImage 

TeraImage is a graphical user interface that was created in MATLAB for use in the data analysis 

of terahertz imaging data. Like TeraVision, it was designed to be intuitive and user-friendly. It 

features many tools for terahertz image analysis and also has the ability to perform some 

spectroscopic analysis. It was designed to be a “one-stop shop” for data processing needs 

required for terahertz imaging. TeraImage is open source and external development is 

encouraged. 
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Figure 2-7 TeraImage Front Panel 

  

2.5.1 Programming Architecture 

Two types of matlab programming files were used in the development of TeraImage. The first 

are files that carry the “.fig” (fig file) extensions while the second are files that carry “.m” (m-

file) extensions. Fig files are files that handle the graphics objects such as axes and push buttons 

whereas m-files handle algorithm development. For Teraimage, teraimage.fig handles the GUI 

(i.e the display) while teraimage.m handles user interaction with the display (see Appendix C). 

TeraImage’s front panel was built using the GUIDE utitlity in matlab.  
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2.6 Areas for Improvement 

2.6.1 Hardware Improvements 

Sample Holder. A significant amount of time is consumed in creating an appropriate sample 

holder for a given sample. The creation of a multifunctional sample holder would greatly serve to 

improve practicality and productivity. 

Increasing Imaging Area. The imaging area is currently limited to the travel range of the x axis 

and z axis linear actuators of the motion controller. The maximum imaging area based on the 

limits of the motion controller is 21mm x 21mm. In addition, the imaging area is further limited 

by the physical configuration z-2. A larger imaging area would help with the study of larger 

samples. The imaging area could be virtually increased by breaking up a large sample into 

smaller samples. The THz image of the large sample could be  

2.6.2 Software Improvements 

Improving Efficiency of Current Scan Algorithms. The execution time of the software 

processes which control the mechanical actions of the Z-2 delay stage and ESP motion controller 

is not yet known.  

Improving Overall User Friendliness. A good user experience is key to productivity. Since 

TeraVision is a development platform, it is important that all complexities be taken care of in 

order to allow the user focus on the task at hand. 
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2.7 Terahertz Imaging Development Suite 

Terahertz Imaging Development Suite is a development environment created for Terahertz 

Imaging. It consists of a collection of software tools that assist with the acquisition and analysis 

of terahertz data. Further updates or revisions to software can be performed in this suite. 
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 CHAPTER 3 
TERAHERTZ IMAGING 

 

This chapter gives a detailed review of the processes involved in the creation of a THz image. It 

describes the concepts and analysis methods that were used in this work and starts with an 

overview of how a THz image is created and then gives a detailed review of how data are 

acquired and processed for use in THz imaging. 

 

 

Figure 3-1. The THz imaging process 
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3.1 Summary of Terahertz Imaging 

Data, for terahertz imaging, are acquired one pixel at a time. The sample to be imaged is 

attached to a 3-axis motion and placed at the focal plane of the focusing mirrors in the path of the 

terahertz beam. The x-axis and the z-axis of the motion controller move the sample within the 

focal plane of the beam while the y-axis allows the sample to be properly positioned at the focal 

point of the terahertz beam. Image acquisition is controlled through home-made software written 

in LabVIEW. Two modes of data acquisition are possible; Regular Acquisition and Fast 

Acquisition modes. 

In regular acquisition mode, the electric field of the entire spatial/temporal terahertz waveform is 

recorded for each pixel. Large quantities of data are acquired and can be processed through 

frequency filtering techniques. In fast acquisition mode, the electric field at a specific spatial 

point is recorded for all pixels in the image. This significantly reduces the amount of data 

acquired and leaves no room for further or special processing techniques. 

Contrast is achieved due to different optical characteristics and thicknesses of constituent 

components of a sample. Regular acquisition data can be processed in two ways; the time 

domain and frequency domain. In time-domain processing, an image can be generated by 

considering the peak value of the temporal waveform for each pixel in the image. A slight 

variation on this technique would be to consider the peak to peak value for each pixel in the 

image. 
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Frequency domain analysis is possible after the data are transformed with a Fast Fourier 

Transform. The magnitude or phase of each pixel at a specific frequency could be used to form 

an image. Images can also be derived from the terahertz power or at specific frequency or the 

average power within a range of frequencies. 

3.2 Data Acquisition 

Data acquisition, in the context of terahertz imaging is the process by which data are acquired for 

use in creating a THz image. The first step in data acquisition is the creation of a two-

dimensional spatial matrix that is representative of the objective of a sample. Each element of the 

matrix is a predefined pixel which will constitute the THz image. Two sets of parameters 

determine the number of pixels in the matrix. The first are the dimensions of the objective of the 

sample, while the second are the resolution/step size of the actuators. Mathematically, this is 

given by 

 

Pixels per row Pixels per row 

Figure 3-2 Terahertz Image of “white-out” on paper (left & middle) regular image of "white-out" 
on paper and its corresponding THz image (right). Data were acquired with fast acquisition 

mode. 
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 “Pixels per row” and “Pixels per column” are rounded to the nearest integer before being 

multiplied together.

 

Figure 3-3. Image acquisition process. A matrix is created based on the objective of the sample 
and data are acquired one pixel at a time in a serpentine motion 

 

Following the creation of this matrix, data are acquired one pixel at a time in a serpentine motion 

as depicted in the Fig.  The motion starts from the bottom right corner of the matrix and moves 

along the entire row in unit steps-determined by the resolution/step size of the corresponding 

actuator. When all data have been acquired for all pixels in that row, actuators move a single unit 

step along the column.  

Data are acquired in the time domain by recording electric field strength of the terahertz pulse in 

time. Two modes of data acquisition - Normal acquisition and Fast Acquisition- are employed by 

TeraVision.  

3.2.1 Normal Acquisition Mode 

In normal acquisition mode, the entire temporal THz waveform is acquired as shown in Figure 3-

4. The amplitude and phase information due to THz interaction with the sample are preserved 

and this information can be extracted during analysis. The main advantage to this mode is that 

there is spectroscopic information stored in each pixel. However, since data is collected by 
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mechanically raster scanning, acquisition time is substantially large (See Appendix for 

Acquisition B Times). This mode of acquisition should be used if further analysis will be 

performed on the THz image.  

 

Figure 3-4 Illustration of Normal Acquisition mode. The entire THz spatial waveform is 
acquired 

 

3.2.2 Fast Acquisition Mode 

In fast acquisition mode, electric field of the THz pulse at a specific position in space/time is 

acquired. Hence, only a single data set is recorded and used to form a THz image and the 

amplitude and phase information are not preserved. The main advantage of this acquisition mode 

is that acquisition time is substantially reduced. Frequency domain analysis is not possible in this 

mode. This mode should be used if one would like to generate quick THz images of samples. 
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Figure 3-5 Illustration of Fast Acquisition mode. A single time point is acquired by keeping the 
delay stage at a fixed position 

3.2.3 Sampling  

To aid digital computers process continuous signals, continuous signals have to be made discrete 

since computers can only process sequence of numbers or bits. The process by which continuous 

time signals are converted to discrete-time signals is called sampling. In order for a sampled 

signal to correctly represent the continuous signal it was sampled from, the sampling rate rs -the 

rate at which data is acquired- has to be at least twice the highest frequency component present 

in the continuous time signal. Hence, only frequencies between 0 and 0.5rs will be available in 

the frequency domain. This limiting frequency is referred to as the Nyquist frequency. When 

performing data analysis in the Terahertz regime, one should be aware of its Nyquist frequency. 

3.3 Data Analysis 

Data analyses used in this work consist of two components. The first component is signal 

processing which is performed on THZ waveform acquired for each pixel. The second 

component is image processing which is performed on the generated THz and controls things 
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such as contrast, color and overall look and feel of what is seen. This section discusses signal 

processing and then moves on to data processing. 

3.4 Signal Processing 

Each acquired signal (i.e. THz pulse) can be processed either in the time domain or frequency 

domain. Data is processed one pixel at a time. Only signals acquired with the normal acquisition 

mode can be processed with all available methods for signal processing. 

3.5 Time Domain Analysis 

Time domain analysis involves the analysis of the properties of a signal in the time domain. 

Following is a discussion of the time domain analyses methods used in this work. Although a 

method is better at extracting a property of a signal (or sample) better than another, overall, no 

one method is better than another. Hence, the analysis method used depends on what is been 

studied about a sample. 

3.5.1 Amplitude Analysis 

In this analysis type, image contrast is derived from the differences in peak magnitude of each 

pixel. It is the simplest form of data analysis in the time domain in terms of computation. 

Generally, this method gives an indication of THz transmittance and in an image, gives a quick 

indication of which portions of a sample are more transmissive. This also implies that absorption 

or reflection coefficients could be determined from this analysis method. 
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Figure 3-6 Peak magnitude of THz pulse. The amplitude of the THz pulse is used for imaging. 

 

3.5.2 Peak-to-Peak Analysis 

This analysis method is similar to the peak-amplitude analysis. Peak to peak refers to the 

difference in magnitudes of the highest peak and the lowest trough in the data (see Figure 3-6). 

Contrast is derived from differences in peak to peak magnitude for each pixel. It can be used to 

study the same properties of a signal or sample that the peak magnitude analysis studies. 

 

Figure 3-7. Peak to Peak Magnitude of THz pulse. The difference between the magnitude of the 
highest peak and the lowest trough is used for imaging. 
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3.5.3 Fixed Delay Analysis 

The fixed delay analysis uses the magnitude at a specific time (or position) for all pixels to 

generate a THz image. For homogenous samples with regions of varying thicknesses, this 

analysis provides a good means to see variation in thickness from the samples THz image only 

the arrival time of the pulse would change. 

 

Figure 3-8 Illustration of the fixed delay analysis. A single time point is used and the delay line 
is used to pick the time point. 

 

 

3.6 Frequency Domain Analysis 

3.6.1 Review of Fourier Series And Transforms 

The Fourier series and transforms are necessary to understanding signal processing in frequency 

domain (otherwise known as frequency domain analysis). The Fourier series decomposes the 

periodic function F(x) into an infinite sum of sines and cosines. Mathematically, the Fourier 

series of the function F(x) which is known in the interval [-π, π] is given by 
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where , 

 

 

 

and n= 1, 2, 3, ……  

The Fourier transform (FT) is a generalization of the complex Fourier series and is given by 

 

Were f(p) is the forward Fourier transform. With regards to signal processing, the forward 

Fourier transform transforms data – which is usually in the time domain- into the frequency 

domain. 

 A reverse transform can also be performed. Mathematically, this is given by 

 

where F(x) is the Inverse Fourier Transform (IFT). 

 

3.6.2 Discrete Fourier Transform 

Since data are sampled (i.e. discrete), the Fourier Transform would not be very useful because 

the frequency spectrum is computed by considering all time. Hence, the discrete Fourier 
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transform (DFT) is employed for Fourier analysis of discrete data. Mathematically, for a data 

segment consisting of N samples, the forward DFT is given by 

 

A full discussion of the DFT is beyond the scope of this thesis, however, it is worth a discussion 

because it is used exclusively in this work for frequency domain analysis. The interested reader 

is referred to texts by Leland B. Jackson [16] and J.F. James [17] for a review of Fourier 

transforms. For a real sequence of numbers, the DFT yields a complex-sequence of numbers of 

the same length. The magnitude of the complex number yields the magnitude at that frequency 

while the relative phase can be obtained from the real and imaginary values of the complex 

number. The fast Fourier transform (FFT) refers to a family of algorithms used for computing the 

DFT and they are used in most computer programs because of their efficiency.  

Data derived from frequency domain analysis are typically Application Program Interface (API) 

dependent, and care should be taken to understand the methods with which an API performs its 

frequency domain analysis to avoid misunderstanding the resulting data. Specifically, the 

computation of the Fourier analysis should be understood and one factor that affects frequency 

domain analysis is the number of data points available for analysis. Generally, the more data 

points are available to perform a Fourier analysis, the more data points are available to work 

with in the resulting frequency spectrum. But the number of data points available in the 

frequency domain could vary between platforms. TeraImage performs a DFT with an FFT 

algorithm. The enterprising reader would be referred to the MATLAB documentation for more 
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information about the FFT algorithm that it performs. Because a DFT is used to compute the 

spectrum, magnitude data are only available at certain discrete frequencies.  

3.6.3 Interpolation 

Interpolation creates new data points within a known set of data points. With regards to signal 

processing, it serves to increase the sampling rate of a sampled signal. The more data point in a 

time-domain signal, the narrower the spacing is between subsequent data points in the frequency 

domain. As a result, it helps to improve the spectral resolution in the frequency domain. The z-2 

software program performs a linear interpolation on the data after it has been acquired for 

spectroscopic analysis. TeraImage also performs linear interpolation on acquired data points 

when generating a THz image with frequency domain data.  

3.6.4 Phase Analysis 

This method uses the phase at a specific frequency to generate an image.  It is a relative 

comparison and gives no indication of the actual phase shift caused by the sample to the terahertz 

beam. For a more detailed analysis of the phase shift caused by a sample, the phase spectrum of 

that pixel (or sample if not imaging) should be compared to the phase spectrum of a reference 

signal. The reference signal typically is the temporal waveform of an unobstructed THz beam (i.e 

nothing in the path of the THz beam). 
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Figure 3-9 Phase spectrum of THz temporal waveform 

 

3.6.5 Magnitude Spectrum Analysis 

This method of analysis generates an image based on the magnitude at a specific frequency for 

all pixels in an image. Note that it uses the one-sided magnitude spectrum. 

 

Figure 3-10 One-Sided magnitude spectrum of THz temporal waveform 

 

3.6.6 Power Spectrum Analysis 

This analysis is similar to the magnitude spectrum analysis and the one-sided power spectrum is 

used. 
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Figure 3-11 One-sided power spectrum of THz temporal waveform 

 

3.7 IMAGE PROCESSING 

3.7.1 Contrast, Colorspace, and Gain 

Contrast between data points is pivotal to generating good terahertz images and there are two key 

factors that determine contrast, optical properties and thickness of a sample. While, one has no 

control over the optical properties of a sample or the thickness in most cases, improvement in 

contrast can be achieved programmatically through software. Fiddling the colorspace is one such 

thing that could be done.  

Colorspaces come in different types such as RGB , CMYK, and HSV. It is the space that holds 

the set of distinct colors; the colors are represented by numerical values. and TeraImage uses the 

RGB colorspace. The RGB colorspace consists of three components, Red, Green, and BlueThe 

RGB color space is an n x 3 matrix in which a combination of numerical values for each of the 

three color components Red, Green, and Blue represent a specific color and n represents the 

number of distinct colors. By default, TeraImage uses a 64 x 3 matrix which implies that there 

are 64 distinct colors available. More distinct colors are available for larger colorspaces. In 
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images with poor contrast pixels have similar values, hence, contrast can be improved by 

increasing the number of distinct colors in the colorspace. 

   

 

 

Adjusting the gain is another way of improving contrast. The gain affects the overall brightness 

of an image and in some cases, helps to improve contrast. Figure 8 shows control images used to 

create the autogain function. 

Figure 3-12 Contrast control image. (left) Piece of paper taped across 
an iris and (right) its corresponding THz image. The THz image is used 

to calibrate the autogain function 
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 CHAPTER 4 
RESULTS AND DISCUSSION 

 

We generated terahertz images of common items found around the laboratory. These 

experiments were performed primarily to test the THz imaging system described in chapters 2 

and 3. Studies were performed to understand THz interaction with some of the samples. 

4.1 Materials and Method 

Two samples were used in our study. The first sample (the zinc sample) consisted of the outline 

of the letter “F” formed with zinc metal powder that was stuck onto adhesive tape; two 

overlapping strips of adhesive tape were used to hold the powder. The second sample (the stuff in 

a box sample) comprised of a box, a branch, and leaves; the branch and leaves were glued onto a 

piece of paper and then enclosed in the box.  

 

 

 
Figure 4-1 Zinc Sample. (left) Outline of the letter ‘F’ formed with zinc powder. The powder 
was held with adhesive tape. (right) Corresponding THz image acquired with fast acquisition 

mode 
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One thousand six hundred pixels (1600) worth of data were acquired with the regular acquisition 

mode and the fast acquisition mode for both samples. The analysis methods described in chapter 

3 were used to create and study the THz images of the samples. 

 

 

 

4.2 Results 

The images generated show that the THz imaging system works as expected. For the zinc 

sample, data were initially acquired with the fast scan mode to determine if a THz image of the 

sample could be formed with appropriate contrast. As Figure 4-1 shows, imaging with data 

acquired with the fast scan mode proved successful and it prompted further study of the sample. 

For further study of the zinc sample, data were acquired with the regular acquisition mode. The 

data were acquired over a period of 11 Hrs and each pixel contained, on average, about 80 data 

points. 

Figure 4-2 Stuff in a box sample. (top left) Photograph of a piece of wood, and leaves (bottom 
left) enclosed in carboard box. (top right) Terahertz image of concealed objects in enclosed box 

acquired by fast-acquisition and (bottom right) normal acquisition mode 
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The data were initially analyzed with the amplitude analysis; this analysis method is gives an 

indication of the transmissiveness of THz at different regions of the spectrum. As expected, the 

outline of the letter F was the darkest region since this region of the sample consists of metal 

powder. The results of other analytical techniques that were applied were consistent with 

expectations as well.  

 

 

 

 

 

 

4.3 Discussion 

4.3.1 3-D Terahertz Imaging 

Most studies on Terahertz 3-D imaging have been based on THz imaging systems setup in 

reflection geometry[1, 11, 18, 19]. Research groups that have studied 3-D terahertz imaging in 

transmission mode have done so by considering only time domain analysis.  My goal was to 

study 3-D imaging by considering the data from time domain analysis and frequency domain 

analysis. 

Multiple dimensions of data are collected in the regular scan. For each pixel, the dimensions 

include time, position, and amplitude. Data were acquired with the regular scan algorithm the 

Figure 4-3 Analyses on Zinc sample. Terahertz images of the letter ‘F’ formed using zinc powder 
on scotch tape shown in Fig. 6 using: time domain (a) amplitude analysis , (b) fixed delay and  

frequency domain, (c) – (e) magnitude spectrum analysis at 0.1THz, 1.7THz and 2.55THz, 
respectively. 
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Figure 4-2 (Stuff in a box). I investigated the possibility of distinguishing between layers in an 

image. 

A THz imaging reflection geometry setup offers certain advantages for 3-D imaging not present 

in the transmission geometry[11]. One such advantage is that, a portion of the terahertz beam is 

reflected for every surface that is encountered due to change in media (i.e. refractive index). The 

resulting waveform has a series of local maxima which potentially represent a surface and the 

distance between these maxima could be used to determine the distance between layers in a 

sample. As such, a time-domain analysis is generally sufficient for 3-D imaging in reflection 

mode. 

 For better understanding of THz 3-D imaging, I started by studying a THz image in two 

dimensions. I considered the amplitude and position/time of the terahertz beam for an initial 

study. The fixed delay analysis (a time-domain analysis) was used as a crude way to determine if 

layers could be distinguished from each other. My hypothesis was that there would be several 

delay times for which only constituents of a particular layer would be seen. However, as I 

stepped through temporal waveform, results show that layers with similar optical properties have 

similar contrast. I also observed that pulses of layers with similar optical properties had the same 

overall shape. Specifically, the width of the main lobe of similar portions of the sample appeared 

to be similar. The spectroscopic data of the constituent materials of the sample were analyzed in 

the frequency domain. I believe that an equation that accounts for all of the observations made 

above could allow for tomographic and 3-D THz imaging of samples for THz imaging systems 

setup in transmission geometry. 
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 CHAPTER 5 
CONCLUSIONS AND FUTURE WORK 

 

5.1 Single-Pixel Terahertz Camera 

Traditional methods for terahertz imaging involve raster scanning a sample to be imaged in front 

of a terahertz beam. This process takes time and the systems are also quite complicated. A 

research group at Rice University[20, 21] reported results of a novel technique for acquiring 

terahertz images with a single-pixel. The method does not employ the use of mechanical systems 

such as a delay stage or linear actuators for raster scans. As test results show (see Appendix A), 

the mechanical systems consume ninety percent of the time. Therefore, employing non-

mechanical systems significantly reduce the amount of time required to image as they are the 

most time consuming aspects of the imaging process.  Single pixel terahertz imaging is an area 

that I believe can be looked into. 

5.2 Database  

Terahertz images that were acquired during my research have been compiled and neatly arranged 

into a database. It is important that this database be backed up regularly. It is my vision that this 

database will serve as a reference for future research work. The data folders (raw files) are the 

most valuable data in the database. All other information derived from these raw files. Therefore, 

extreme care should be taken when handling them. As a precaution to data corruption, these files 

have been set to “read-only” mode. 
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5.3 Investigation on Imaging Algorithms 

Imaging algorithms currently implemented on TeraVision are the regular scan algorithm and the 

fast scan algorithm. The regular scan algorithm acquires a lot data about the sample being image 

and gives a lot of flexibility during analysis but requires longer acquisition times as opposed to 

fast scan algorithm which offers reduced acquisition times that comes at the expense of reduced 

data. Another algorithm that incorporates the benefits of both algorithms would go a long way 

towards making THz imaging a more robust imaging technique.  

5.4 Operational Documentation for Terahertz Imaging and Spectroscopy System 

User-friendliness was one of the core non-functional requirements of the software used in this 

work. In fulfillment of this requirement, user documentation will be created to help easily 

acquaint a user with the software.  
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 APPENDIX A 
 

Motion Controller Configuration 

 

 

Figure A-1. Signal generated when the actuator is stepped in 0.0001 mm increments 

 

 

               

Figure A-2. Signal generated when the actuator is polled 
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Normal Acquisition Algorithm Analysis 

The setup for the experiment is as follows. The delay stage was set to scan from 28.8 mm to 

29.2mm. A LabVIEW program was written for the specific task of acquiring timing data. The 

total time that it takes to acquire a pixel is the sum of the time it takes to move the delay stage in 

the range specified, the time takes to move the ESP motion controller to a pixel of interest and 

the time it takes for software processing. Software processing refers to the time used by the 

program for which there is no communication with external hardware. The time it takes to write 

and save the data to a file is on such example. Note that there are still software processes running 

during z-2 stage movement and the ESP actuator movements. One-hundred pixels were acquired 

at different pixel pitch.  

 

 

Figure A-3. Data Acquisition times for different values of pixel pitch 
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Figure A-4. Average number of data points acquired per pixel at different delay stage speeds 

 

 

Figure A-5. Time consumption by different processes at a delay stage velocity of 0.1 mm/s 
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Figure A-6. Time consumption by different processes at a delay stage velocity of 0.2 mm/s 

 

 

Figure A-7. Time consumption by different processes at a delay stage velocity of 1.5 mm/s 
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Figure A-8. Time consumption by different processes at a delay stage velocity of 2.0 mm/s 

 

 

Determination of  THz  Beam Spot Size  

The spot size was determined by the knife-edge method[22, 23]. In the knife-edge experiment, 

the THz beam is assumed to be Gaussian.  The beam is then scanned over an edge and the 

transmitted signal is measured and recorded. The beam diameter is estimated as the distance 

between the 75% and 25% signal points. Error! Reference source not found. shows the 

transmission signal at the focal point of the focusing lens. The beam spot was determined to be 

roughly 0.5 mm. 
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Figure A-9. Line scan for THz pump beam across a sharp edge 
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 APPENDIX B 
 

 

Figure B-1. Settings tab of TeraVision 
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Figure B-2. Spectroscopy tab of TeraVision 
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Figure B-3. Tool Box tab of TeraVision 
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 APPENDIX C 
 

 

 

Figure C-1. Fig programming file of TeraImage 
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%Author: Babatunde Ajilore 
%File Name:Imaging.m 
%File Function: Generates THz image according to specified 
%               analysis method 
  
%******************************************************** 
%Input Variable(s) 
%file: The location of the THz image file 
%analysis_type: Holds the type of analysis to be performed 
%               on the data 
% 
%Output Variable(s) 
%view: This is the resulting THz image(2-D) after analysis 
%******************************************************** 
  
  
function [view]=Imaging(file,analysis_type) 
  
global i; 
global p; 
global data_start_pos; 
global data; 
  
   
% %**************************************************  
% %This segment of the code gets pixel dimension info. 
% %**************************************************  
%%%Get required information from file 
data_start_pos=get_header_info(file,'[Data]'); 
data=dlmread(file,'\t',data_start_pos,0); 
row=str2num(get_file_info(file,'row')); 
col=str2num(get_file_info(file,'col')); 
% %*************************************************** 
% %*************************************************** 
  
ds=size(data); 
m=ds(1); 
n=ds(2); 
picture=zeros(row,col); 
track=-1; 
  
%**************************************************  
%This segment of code populates the image's 2-D 
%matrix. 
%************************************************** 
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for i=1:2:m 
    x=data(i,1:n); 
    zpad=find(x==0); 
    zpad_index=size(zpad); 
    track=track + 1; 
     
    if zpad_index(2)~=0     %get some elements in row 
        x=x(1,1:zpad(1)-1); 
        y=data(i+1,1:zpad(1)-1); 
    else                    %get all elements in row 
        y=data(i+1,1:n); 
    end 
       
    pixel_col=rem(track,col); 
    pixel_row=(track - pixel_col)/col; 
     
    switch analysis_type 
        case 'peak' 
            pixel=tdamplitude(y); 
        case 'peak to peak' 
            pixel=tdpkpk(y); 
        case 'intensity@position' 
            pixel=intensity_position(p,x,y); 
        case 'power@frequency' 
            frequency=2.55; 
            pixel=fdomain(frequency,x,y,length(y)); 
        otherwise 
            pixel=tdamplitude(y); 
    end    
     
    if rem(pixel_row,2)==0 
        picture(pixel_row+1,col-(pixel_col))=pixel; 
    else 
        picture(pixel_row+1,pixel_col+1)=pixel; 
    end 
         
end 
%*************************************************** 
normalize=max(max(abs(picture))); 
picture=picture/normalize; 
picture=rot90(picture); 
picture=rot90(picture); 
picture=flipud(picture); 
picture=fliplr(picture); 
view=picture; 
TeraImage.m 
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%Author: Babatunde Ajilore 
%File Name:Teraimage.m 
%File Function: Handles user interaction with TeraImage’s  
%               front panel 
  
%******************************************************** 
%Input Variable(s) 
%file: The location of the THz image file 
%analysis_type: Holds the type of analysis to be performed 
%               on the data 
% 
%Output Variable(s) 
%view: This is the resulting THz image(2-D) after analysis 
%******************************************************** 
 
 
function varargout = TeraImage_condensed(varargin) 
% TERAIMAGE_CONDENSED M-file for TeraImage_condensed.fig 
%      TERAIMAGE_CONDENSED, by itself, creates a new TERAIMAGE_CONDENSED or 
raises the existing 
%      singleton*. 
% 
%      H = TERAIMAGE_CONDENSED returns the handle to a new 
TERAIMAGE_CONDENSED or the handle to 
%      the existing singleton*. 
% 
%      TERAIMAGE_CONDENSED('CALLBACK',hObject,eventData,handles,...) calls the local 
%      function named CALLBACK in TERAIMAGE_CONDENSED.M with the given input 
arguments. 
% 
%      TERAIMAGE_CONDENSED('Property','Value',...) creates a new 
TERAIMAGE_CONDENSED or raises the 
%      existing singleton*.  Starting from the left, property value pairs are 
%      applied to the GUI before TeraImage_condensed_OpeningFcn gets called.  An 
%      unrecognized property name or invalid value makes property application 
%      stop.  All inputs are passed to TeraImage_condensed_OpeningFcn via varargin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
  
% Edit the above text to modify the response to help TeraImage_condensed 
  
% Last Modified by GUIDE v2.5 18-Mar-2010 03:24:25 
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% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @TeraImage_condensed_OpeningFcn, ... 
                   'gui_OutputFcn',  @TeraImage_condensed_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin[14]); 
else 
    gui_mainfcn(gui_State, varargin[14]); 
end 
% End initialization code - DO NOT EDIT 
  
  
% --- Executes just before TeraImage_condensed is made visible. 
function TeraImage_condensed_OpeningFcn(hObject, eventdata, handles, varargin) 
% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
% varargin   command line arguments to TeraImage_condensed (see VARARGIN) 
  
% Choose default command line output for TeraImage_condensed 
global i; 
global position; 
global data_location; 
global data_start_pos; 
global datacursor_flag; 
datacursor_flag=false; 
% global invert_color; 
datacursormode off 
handles.output = hObject; 
handles.picture=0; 
A=imread('Design Picture','jpg'); 
axes(handles.axes2); 
image(A); 
axis off 
axis image 
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handles.analysis_type='peak'; 
handles.colormap_select=jet(256); 
handles.error=''; 
handles.invert_color=false; 
  
guidata(hObject, handles); 
  
% UIWAIT makes TeraImage_condensed wait for user response (see UIRESUME) 
% uiwait(handles.TeraImage_condensed); 
  
  
% --- Outputs from this function are returned to the command line. 
function varargout = TeraImage_condensed_OutputFcn(hObject, eventdata, handles)  
% varargout  cell array for returning output args (see VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Get default command line output from handles structure 
varargout{1} = handles.output; 
  
  
% --- Executes on slider movement. 
function gain_slider_Callback(hObject, eventdata, handles) 
  
gain=get(hObject,'Value'); 
set(handles.gain_indicator,'String',num2str(gain)); 
global picture 
picture=THzpicture(handles.picture,gain,handles.colormap_select,handles.invert_color); 
set(handles.axes1, 'ButtonDownFcn', {@axes1_ButtonDownFcn,handles}); 
set(picture, 'HitTest', 'off'); 
set(handles.axes1, 'Xdir', 'reverse'); 
set(handles.axes1, 'Ydir', 'normal'); 
  
% --- Executes during object creation, after setting all properties. 
function gain_slider_CreateFcn(hObject, eventdata, handles) 
  
if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor',[.9 .9 .9]); 
end 
  
  
% --- Executes on button press in image_data. 
function image_data_Callback(hObject, eventdata, handles) 
  
global data_start_pos; 
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file = get(handles.filelocation,'String'); 
if (isempty(file)) 
    errordlg('No file has been selected. Select a file','File Error') 
     error = MException('Error:NoFileSelected', ... 
     'Select a file using the browse button'); 
    %e=error.message 
    handles.error=error; 
    errorbox_Callback(handles.errorbox,eventdata,handles); 
elseif isempty(data_start_pos) 
     errordlg('Invalid File','File Error') 
     error = MException('Error:InvalidFile', ... 
     'Select a valid file using the browse button'); 
    %e=error.message 
    handles.error=error; 
    errorbox_Callback(handles.errorbox,eventdata,handles); 
     
else 
    global p; 
    p=0.01; 
    handles.picture=Imaging(file,handles.analysis_type); 
    gain = autogain(handles.picture); 
    set(handles.gain_indicator,'String',num2str(gain)); 
    set(handles.gain_slider,'Value',gain); 
    set(TeraImage,'CurrentAxes',handles.axes1); 
    guidata(hObject, handles); 
    %axes(handles.axes1);5 
    handles.invert_color=false; 
    global h; 
    global picture; 
    %hold on 
     
    picture=THzpicture(handles.picture,gain,handles.colormap_select,... 
        handles.invert_color); 
    %hold off 
    figure 
    im=handles.picture; 
    image(im) 
    %map=gray(1024); 
    %colormap(map) 
    %axis off 
    %axis image 
     
     set(handles.axes1, 'ButtonDownFcn', {@axes1_ButtonDownFcn,handles}); 
     set(picture, 'HitTest', 'off'); 
     set(handles.axes1, 'Xdir', 'reverse'); 
     set(handles.axes1, 'Ydir', 'normal'); 
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     %set(handles.axes1, 'PlotBoxAspectRatio', [0.6, 1, 1]) 
%     handles.axes1 
end 
  
guidata(hObject,handles); 
  
% --- Executes on button press in savepicture. 
function savepicture_Callback(hObject, eventdata, handles) 
  
  
[pathstr] = fileparts(get(handles.filelocation,'String')); 
[pathstr] = fileparts(pathstr); 
imagedir=strcat(pathstr,'\Images'); 
  
if ~isdir(imagedir) 
    imagedir= mkdir(pathstr,'Images'); 
end 
  
[filename,path,cancelled]=uiputfile('*.pdf',... 
    'Save Image',imagedir); 
filepath=strcat(path,filename); 
  
if cancelled~=0 
    fig2 = figure('visible','off'); 
     
    if handles.invert_color==false 
        colormap((handles.colormap_select)); 
    elseif handles.invert_color==true 
        colormap(flipud(handles.colormap_select)); 
    end 
  
    % copy axes into the new figure 
    newaxes = copyobj(handles.axes1,fig2); 
     
    %set position of axes in the new figure 
%     set(newaxes, 'units', 'normalized', 'position', [0.13 0.11 0.775 0.815]); 
    set(newaxes, 'units', 'normalized', 'position', [0.13 0.11 0.4 0.4]); 
  
    saveas(fig2,filepath); 
end 
   
  
% --- Executes on button press in browse. 
function browse_Callback(hObject, eventdata, handles) 
  
global data_start_pos 
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temp_data=data_start_pos; 
[FileName,PathName,FilterIndex] = uigetfile('*.txt'); 
if FilterIndex~=0 
    filepath=strcat(PathName,FileName); 
    data_start_pos=get_header_info(filepath,'[Data]') 
    if ~isempty(data_start_pos) 
        set(handles.filelocation,'String',filepath); 
         
        temp=get_file_info(filepath,'Acquisition'); 
        set(handles.acquisition_info,'String',temp); 
         
        temp=get_file_info(filepath,'Total'); 
        set(handles.totalpixel_info,'String',temp); 
         
        temp=get_file_info(filepath,'x-axis'); 
        set(handles.xaxis_info,'String',temp); 
         
        temp=get_file_info(filepath,'z-axis'); 
        set(handles.zaxis_info,'String',temp); 
                 
        temp=get_file_info(filepath,'Pitch'); 
        set(handles.pixelpitch_info,'String',temp); 
         
        temp=strcat(get_file_info(filepath,'Start'),... 
            '-',get_file_info(filepath,'Stop')); 
        set(handles.scanrange_info,'String',temp); 
         
        range=(str2double(get_file_info(filepath,'Stop'))... 
            - str2double(get_file_info(filepath,'Start'))); 
         
        set(handles.multi_slider,'Max',range) 
        set(handles.min_info,'String',get_file_info(filepath,'Start')) 
        set(handles.multislider_info,'String',get_file_info(filepath,'Start')) 
        set(handles.max_info,'String',get_file_info(filepath,'Stop')) 
         
        date_info_Callback(handles.date_info,eventdata,handles); 
         
    else 
        msgbox('The file you have selected is not a valid terahertz image file. Select a valid file',... 
        'Invalid File Error','error') 
    data_start_pos=temp_data; 
    end     
end 
guidata(hObject, handles); 
%PathName 
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% --- Executes on selection change in toolsforanalysis. 
function toolsforanalysis_Callback(hObject, eventdata, handles) 
  
val = get(hObject,'Value'); 
str = get(hObject, 'String'); 
switch str{val}; 
case 'Peak Intensity (Time-Domain)' % User selects peaks 
    handles.analysis_type = 'peak'; 
case 'Peak-to-Peak Intensity (Time Domain)' % User selects membrane 
    handles.analysis_type = 'peak to peak'; 
case 'Intensity @ Position (Time Domain)' % User selects membrane 
    handles.analysis_type = 'intensity@position'; 
case 'Power @ Frequency (Power Spectrum Frequency Domain)' % User selects sinc 
    handles.analysis_type = 'power@frequency'; 
case 'Area under Curve  (Power Spectrum Frequency Domain)' % User selects sinc 
    handles.analysis_type = 'power@frequencyrange'; 
end 
guidata(hObject,handles) 
  
% --- Executes during object creation, after setting all properties. 
function toolsforanalysis_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on selection change in colormap_select. 
function colormap_select_Callback(hObject, eventdata, handles) 
  
val = get(hObject,'Value'); 
str = get(hObject, 'String'); 
switch str{val}; 
case 'Gray' % User selects Gray 
    handles.colormap_select = gray(256); 
case 'Jet' % User selects Jet 
    handles.colormap_select = jet; 
case 'HSV' % User selects HSV 
    handles.colormap_select = HSV; 
case 'Hot' % User selects Hot 
    handles.colormap_select = hot; 
case 'Cool' % User selects Cool 
    handles.colormap_select = cool; 
case 'Spring' % User selects Spring 
    handles.colormap_select = spring; 
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case 'Summer' % User selects Summer 
    handles.colormap_select = summer; 
case 'Autumn' % User selects Autumn 
    handles.colormap_select = autumn; 
case 'Winter' % User selects Winter 
    handles.colormap_select = winter; 
case 'Bone' % User selects Bones 
    handles.colormap_select = bone; 
case 'Copper' % User selects Copper 
    handles.colormap_select = copper; 
case 'Pink' % User selects Pink 
    handles.colormap_select = pink; 
case 'Lines' % User selects Lines 
    handles.colormap_select = Lines; 
end 
guidata(hObject,handles) 
gain=get(handles.gain_slider,'Value'); 
THzpicture(handles.picture,gain,handles.colormap_select,handles.invert_color); 
  
% --- Executes during object creation, after setting all properties. 
function colormap_select_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on slider movement. 
function multi_slider_Callback(hObject, eventdata, handles) 
  
global p; 
value=get(hObject,'Value'); 
p=value; 
%disp(value) 
value=num2str((value) + str2num(get(handles.min_info,'String'))); 
set(handles.multislider_info,'String',value); 
  
file = get(handles.filelocation,'String'); 
handles.picture=Imaging(file,'intensity@position'); 
gain = autogain(handles.picture); 
set(handles.gain_indicator,'String',num2str(gain)); 
set(handles.gain_slider,'Value',gain); 
set(TeraImage,'CurrentAxes',handles.axes1); 
guidata(hObject, handles); 
%axes(handles.axes1);5 
handles.invert_color=false; 
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global picture; 
picture=[]; 
%hold on 
% figure 
picture=THzpicture(handles.picture,gain,handles.colormap_select,... 
    handles.invert_color); 
  
  
 set(handles.axes1, 'ButtonDownFcn', {@axes1_ButtonDownFcn,handles}); 
 set(picture, 'HitTest', 'off'); 
 set(handles.axes1, 'Xdir', 'reverse'); 
 set(handles.axes1, 'Ydir', 'normal'); 
 %set(handles.axes1, 'PlotBoxAspectRatio', [0.6, 1, 1]) 
  
guidata(hObject,handles); 
% --- Executes during object creation, after setting all properties. 
function multi_slider_CreateFcn(hObject, eventdata, handles) 
  
if isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor',[.9 .9 .9]); 
end 
  
   
function edit1_Callback(hObject, eventdata, handles) 
  
   
% --- Executes during object creation, after setting all properties. 
function max_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
function edit2_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function min_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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% -------------------------------------------------------------------- 
function filemenu_Callback(hObject, eventdata, handles) 
  
  
% -------------------------------------------------------------------- 
function Untitled_1_Callback(hObject, eventdata, handles) 
  
   
function filename_info_Callback(hObject, eventdata, handles) 
  
   
% --- Executes during object creation, after setting all properties. 
function filename_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
   
function acquisition_info_Callback(hObject, eventdata, handles) 
   
% --- Executes during object creation, after setting all properties. 
function acquisition_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  function data_info_Callback(hObject, eventdata, handles) 
    
% --- Executes during object creation, after setting all properties. 
function data_info_CreateFcn(hObject, eventdata, handles) 
 if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
   
function description_info_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function description_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function totalpixel_info_Callback(hObject, eventdata, handles) 
  
% --- Executes during object creation, after setting all properties. 
function totalpixel_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
   
function scanrange_info_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function scanrange_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function pixelpitch_info_Callback(hObject, eventdata, handles) 
  
% --- Executes during object creation, after setting all properties. 
function pixelpitch_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
   
function xaxis_info_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function xaxis_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function zaxis_info_Callback(hObject, eventdata, handles) 
% Hints: get(hObject,'String') returns contents of zaxis_info as text 
%        str2double(get(hObject,'String')) returns contents of zaxis_info as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function zaxis_info_CreateFcn(hObject, eventdata, handles) 
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on mouse press over axes background. 
function axes1_ButtonDownFcn(hObject, eventdata, handles) 
  
global h 
disp('I am in here') 
%get(get(gcf,'Children'),'CurrentPoint') 
  
xy=get(hObject,'CurrentPoint') 
x=floor(xy(1,1)+0.5-1) 
y=floor(xy(1,2)-0.5) 
  
if ~strcmpi(get(hObject,'type'),'axes') 
    get(hObject,'CurrentPoint'); 
h = findobj(h,'children')  % 
else 
    get(hObject,'CurrentPoint'); 
end 
  
  
seltype = get(handles.TeraImage,'selectiontype'); % Right-or-left click? 
  
switch seltype 
case 'alt' 
%cla  % Delete the line. 
case 'normal' 
%ln = plot(h,sort(rand(1,10)));  % Plot a new line. 
axes(handles.axes1) 
  
    case 'open' 
        global data 
        serp=mod(y,2) 
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        if serp==0 
        pixel=((40-x)+40*y)*2-1; 
        elseif serp==1 
            pixel=(x+(y*40))*2+1; 
        end 
        x=data((pixel),:); 
        y=data(pixel+1,:); 
        figure 
        plot(x,y) 
otherwise 
% Do something else for double-clicks, etc. 
end 
guidata(hObject,handles) 
  
% --- Executes on button press in invert_map. 
function invert_map_Callback(hObject, eventdata, handles) 
  
disp('Just Testing') 
if handles.invert_color==1 
    handles.invert_color=0; 
elseif handles.invert_color==0 
    handles.invert_color=1; 
end 
  
gain = get(handles.gain_slider,'Value'); 
set(handles.gain_indicator,'String',num2str(gain)); 
set(TeraImage,'CurrentAxes',handles.axes1); 
  
THzpicture(handles.picture,gain,handles.colormap_select,handles.invert_color); 
  
guidata(hObject, handles); 
  
  
% --- Executes on selection change in filtering_drop_menu. 
function filtering_drop_menu_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function filtering_drop_menu_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function edit12_Callback(hObject, eventdata, handles) 
  
% --- Executes during object creation, after setting all properties. 
function edit12_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function filter_info_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function filter_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in autogain. 
function autogain_Callback(hObject, eventdata, handles) 
gain = autogain(handles.picture); 
set(handles.gain_indicator,'String',num2str(gain)); 
set(handles.gain_slider,'Value',gain); 
set(TeraImage,'CurrentAxes',handles.axes1); 
guidata(hObject, handles); 
image(handles.picture*gain); 
  
  
% --- Executes on button press in pushbutton6. 
function pushbutton6_Callback(hObject, eventdata, handles) 
  
  
% --- Executes on selection change in filtermenu. 
function filtermenu_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function filtermenu_CreateFcn(hObject, eventdata, handles) 
 if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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% --- Executes on button press in pushbutton4. 
function pushbutton4_Callback(hObject, eventdata, handles) 
  
   
function date_info_Callback(hObject, eventdata, handles) 
  
filepath=get(handles.filelocation,'String') 
temp=get_file_info(filepath,'Date'); 
set(hObject,'String',temp); 
  
   
% --- Executes during object creation, after setting all properties. 
function date_info_CreateFcn(hObject, eventdata, handles) 
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit6_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function edit6_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
function edit7_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function edit7_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
   
function edit8_Callback(hObject, eventdata, handles) 
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% --- Executes during object creation, after setting all properties. 
function edit8_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
function edit9_Callback(hObject, eventdata, handles) 
  
% --- Executes during object creation, after setting all properties. 
function pixelpitch_info_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
   
  
function edit10_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function edit10_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
   
function edit11_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function edit11_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit14_Callback(hObject, eventdata, handles) 
  
  
% --- Executes during object creation, after setting all properties. 
function edit14_CreateFcn(hObject, eventdata, handles) 
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if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
   
function errorbox_Callback(hObject, eventdata, handles) 
  
set(hObject,'Value',1) 
set(hObject,'String',handles.error.identifier); 
guidata(hObject, handles); 
  
% --- Executes during object creation, after setting all properties. 
function errorbox_CreateFcn(hObject, eventdata, handles) 
  
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
% --- Executes on button press in cursor. 
function cursor_Callback(hObject, eventdata, handles) 
  
global datacursor_flag 
global picture 
  
if datacursor_flag 
    datacursor_flag=false; 
    datacursormode off; 
    %set(handles.axes1,'Background','on'); 
    %set(handles.axes1,'HitTest','on'); 
    set(picture,'HitTest','off'); 
    set(hObject,'String','Data Cursor On'); 
    %set(hObject,'Datatip','Delete') 
elseif ~datacursor_flag 
    datacursor_flag=true; 
    datacursormode on; 
    %set(handles.axes1,'HitTest','off'); 
    set(picture,'HitTest','on'); 
    set(hObject,'String','Data Cursor Off') 
end 
%datacursor_flag 
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% --- Executes on mouse press over figure background, over a disabled or 
% --- inactive control, or over an axes background. 
function TeraImage_WindowButtonDownFcn(hObject, eventdata, handles) 
  
set(gcf,'WindowButtonDownFcn','disp(''axis callback'')') 
guidata(hObject,handles); 
  
  
% --- Executes on button press in get_spectroscopy. 
function get_spectroscopy_Callback(hObject, eventdata, handles) 
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