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ABSTRACT

Near-infrared (NIR) imaging has provided new insight into optical imaging of
human tissue. The purpose of this study is to develop an NIR imaging system that could
potentially be used to study cognitive function by measuring the optical parameters (1,
and ') of the human prefrontal cortex. The desired system should be a remote sensing
system that does not need direct contact with the subject. It should also be able to work
over a distance of 50 cm to 2 m from the subject. This study presents a method of remote
sensing via a time resolved spectroscopy approach. Two methods of analysis are used: a
single photon counting (SPC) method; and the second being a series of gated integrating
circuits (Box Car). System design and initial results are shown for both systems. Actual
photon migration patterns, from which values of i, are calculated, were obtained via the
SPC method over a distance of 60 cm. Also, experimental results demonstrating pulse
shaping are shown from the Box Car system. Finally, noise level reduction in the SPC
method is taken into consideration, along with an option for achieving correct Box Car
gate timing.
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1. INTRODUCTION

Human brain function imaging plays a crucial part in determining how the brain
works under different conditions. Using techniques such as magnetic resonance imaging
and computed tomography scans, it is possible to see different areas of the brain
“activate” as a test subject is asked to solve a puzzle or recognize a familiar face.
Another technique uses near-infrared (NIR) imaging to try to determine the optical
parameters L, and ', which have been shown to correlate to blood volume and
oxygenation in human tissue [1].

One of the current NIR methods uses a multi-source, multi-detector array placed
in a plastic holder. The holder itself is held in place over the forehead with the use of
Ace bandages and Velcro straps. As a result when the subject moves his forehead the
placement of the source/detector network shifts slightly relative to the subject’s forehead.
These movements lead to outlier signals and questions about the reproducibility of the
experiment, mainly how well the source/detector array can be replaced over hundreds of
trials [2].

Two ideas have been proposed to avoid these problems with head movement
during testing. The first minimizes the electronic devices that would be attached to the
subject’s forehead. Complementary metal-oxide semiconductor (CMOS) technology
could be used to minimize the detectors to about the size of a quarter. The detectors
could then be placed in any fashion around a central light source (see Figure 1). The
whole configuration could be held in place with one bandage tied around the head, and
any motion artifacts found in the previous system would be minimized. The detectors
would then transmit the data to a remote source where they could be monitored [2].

 S——— Figure 1 — The small light
ety DG source is denoted in red and
the detectors are shown in
blue. The whole system
transmits data to a remote
source shown to the right [2].

In the second approach, the source and detector are placed anywhere from 50 cm
to several meters from the subject. The source is focused through a lens onto the subject.
A Fresnel lens then captures the reflected and diffuse photons and focuses them onto a
photomultiplier tube (PMT). In this setup, the source would be placed at approximately a
10-degree angle with respect to the subject [2].

This paper will address the design and testing of the above non-contact system.
The following sections will focus on the background pertaining to the analysis of the
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PMT signal, the design and layout of the non-contact system, experimental results,
conclusions, and recommendations for future work.

2. BACKGROUND

2.1 Time Resolved Spectroscopy (TRS) and Time Correlated Single Photon

Counting
The initial approach used to analyze the
Irigger/ PMT signal will be a Time Correlated Single
Synchronization . . . .
Signal Photon Counting method. The basic principle is
Laser Driver that for every pulse from the laser many photons
l are released into the subject. The job of the PMT,
Constant Fraction Discriminator (CFD), and Time
Laser . .
he 805 mmn to Amplitude Converter (TAC) system is to
— ! measure the amount of time each photon takes to
Delay Line . .
(1-70 ns) Photo- arrive at the detector (PMT) with respect to the
multiplier original excitation event. Once the optical signal
J, arrives at the photo-cathode of the PMT, it triggers
Constant the release of electrons that are then cascaded
Fraction . . .
Discriminator down a series of dynodes to amplify the signal.
‘J The signal then arrives at the anode and is then fed
—»  Timeto into the CFD. The time that it takes the signal to
Start Amplitude Stop R
Converter travel from the photo-cathode to the anode is
known as the transit time, and as this time
Counter | »  Multi- becomes shorter the time resolution of the whole
Channel :
Analywer system increases [3].
Figure 2 - This is a block diagram for the The PMT signal that comes Om'f)f the
TRS system showing the progression of anode still has considerable amplitude jitter and
the signal through the different as a result must be sent to the CFD. The CFD

Compl(l)llloenés. T}T CFD ’,TtAQ ?ndd ;VIC? creates a constant amplitude pulse for every PMT
can a” be DOUS on 4 Tiegrated boa pulse that is over a certain minimum voltage.

that can be inserted into a PC so that the . ..
photon migration pattern can be The CFD accomplishes this via a system of

displayed in real time as the voltage delays and inverters [see Appendix A]. The data
from the TAC is put into memory by the  from CFD is then fed into the stop input of the
MCA. TAC, while the trigger signal from the laser

driver is fed into the start input after it travels through a variable delay line. The TAC
starts a voltage ramp when it receives the start signal and stops the voltage ramp when it
receives the stop signal. Thus the TAC directly correlates time to voltage [see Appendix
B]. The output of the TAC is fed into a counter, mainly to check whether the signal is
reasonable, and into a multi-channel analyzer (MCA). The MCA converts the output
voltage of the TAC into a histogram that displays photon counts versus time (ns), where
the time corresponds to how long it took the PMT to detect a photon relative to the time
of laser excitation. The photons that diffused farther into the subject would take a longer
time to be detected, and as a result the histogram would show a photon migration pattern.
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The slope of this photon migration is directly related to the absorption coefficient (p,) by
the Patterson-Chance-Wilson equation (p, «c = slope, where c is the speed of light) [2].

2.2 Continuous Wave (CW) Cognosensor

Previous work has shown that NIR imaging offers insight into muscle activation
and, more importantly, cognitive function. Several systems have used the continuous

o wave (CW) model,
‘ where a constant
OOSE Y m— intensity of light is put
E oo PRt X . into the tissue and the
s \ e L . . .
g . P . 850 intensity of light
= Ty "-‘ — - 1 . h f f
- P . L eaving the surface o
g oo 'v-: et the tissue is recorded
© cose ] B N g7 730 [4]. In experiments
et ' focusing on skeletal
LY.L - - - . . ] . R
b o 20 30 0 so muscle activation

T |Seconds) L

resulting from
increased load, it was
shown that the 730 nm
NIR signal decreased because of increased deoxy-hemoglobin (Hb), whereas the 850 nm
NIR signal increased because of decreased oxy hemoglobin (HbO,). Furthermore, once
the exercise was stopped the signals began to approach their original values as a result of
re-oxygenation (see Figure 3).

Figure 3 — Illustration of 730, 850 nm NIR signals of skeletal muscle
during exercise [5].

Other NIR experiments done with similar instrumentation have shown interesting
signals relating to subject behavior. Histograms can be created for numerous positions on
the subject’s forehead, and data can be collected on activation in those areas over a large
number of trials. Interestingly, it has been shown that when a subject lies there is far
more activation than when the subject is telling the truth (see Figure 4). It is important to
remember, however, that since different people have different characteristic activation
patterns results cannot be compared across subjects [2].

Figure 4 — Illustration of the fact that
there is more activation in the prefrontal
cortex when a subject lies when
compared to the response when the
subject tells the truth [2].

Subject tells a lie  Subject tells the truth

:
<
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2.3 TRS Contact Sensor

The obvious question that arises about the non-contact system is not whether it is
possible to get signals similar to those shown above, but whether the system is sensitive
enough to detect changes in the optical parameters for a dynamic system such as human
tissue. This difficult question can be partially answered by results from a previous TRS
contact model (see Figure 5). In this setup the signal from the detector was fed into a
single photon counting system (SPC) that had all the components integrated on to one
board. The board had two inputs, one for the detector signal and the other for the trigger
signal from the source, which in this case was a 780/830nm, 40uW laser driven at 5
MHz. Results from the experiment demonstrated that quantification of absorption
changes were accurate to 10° cm™ with sensitivity to 10* cm™. Moreover, these results
were mainly limited by laser instability [6]. The task remains to replicate these results for
the remote condition, but at least it is known that the TRS system can provide the above-
mentioned degree of sensitivity and accuracy.

PLP
40uW, SMHz
780, 830 nm

Figure 5 - The laser source is
shown to the top left of the

@ iy Router . . .
"""" diagram. It is fed into the
Bx1 optical switch allowing for
lused coupler and sphtter ZLe -7 WML : variation of source position
Dicon 1x24 {al) on the subject’s forehead.
optical switch The detector signal is then

fed into the SPC-300 board
shown to the bottom right.

The results from the multi-
ol oy SPE-300 channel analyzer (MCA) on

== the board can be displayed o

L wea | ac ] cm—l—é— a PC [6].

24 Proposed Model

The model that will be used to carry out the experiment will have the subject at a
distance of approximately 50 cm from the source and detector. The source will be put at
an angle of roughly 10 degrees with respect to the detector. Focusing the source through
a lens is optional and will be done if the signal on the detector side is too weak to
recognize. The detector will be placed 10-15 cm behind a Fresnel lens, which will collect
the diffuse photons returning from the subject and focus them onto the PMT fiber. The
signal from the PMT will be fed into either a TRS system or a Box Car detector (see
Figure 6) . (Additional details are provided in section 3.)
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Laser Source
Lens

Detector

Fresnel Lens

3. SYSTEM DESIGN

3.1 Analysis by Conventional TRS

Subject
Figure 6 — Illustration of
detector/source positioning
(@) with respect to the subject

The TRS system design is fairly similar to that shown in the background section,
with a few variations. The driver used is a Hewlett Packard 8082 A Pulse Generator on a
frequency range of 5 to 50 MHz. The amplitude and FWHM (Full-Width, Half-
Maximum) of the pulses are below 1.0 V and 5.0 ns, respectively. It is optimal to
minimize the FWHM of the driver so that the instrument response function in the result is
also minimized (for further discussion, see section 4). The signal from the driver is split

Driver > Amp 1

—>»

Scope

4_

SPC

A

> Atten.

Delay

Amp2 | yf Atten.

PMT

Laser

Lens

Fresnel Lens

Subject
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Figure 7 — Schematic diagram of
TRS system used to measure
absorption coefficients of various
subjects. Amp= Amplifier, Atten. =
Attenuator.



into an amplifier and an attenuator. The amplifier (Amp 1) used is a Mini-Circuits
Monolithic Amplifier (Model HELA-10b) with 12 dB typical gain and 20 dBm (6.3 V p-
p for 50-Q impedance) max power rating at input. This amplifier feeds the driver signal
into the laser (780 nm) for a typical optical power output of approximately 1.2 mW. The
two attenuators used are identical and are variable from 1 to above 40 dB attenuation,
with 1 W max input power and 50-Q impedance at input. They are used to keep the
signals being fed into the SPC 300 board below 80 mV p-p, so the attenuation used can
range from 10 to 15 dB. The SPC board, purchased from Edinburgh Instruments Ltd,
creates the photon migration pattern and displays it on a PC. The attenuator used for the
driver signal is fed into a variable delay line (1-70 ns delay via coaxial cable with 20 ps
accuracy) before it enters the SPC board, so that the position of the photon migration
pattern can be shifted to allow complete visualization of the photon decay.

The PMT used in the system is a Hamamatsu R5600U and is operated in the 800
V range. The PMT signal is fed directly to a Hamamatsu C5994 amplifier (Amp 2),
which is made especially for use with PMT signals (10 dBm max power input, 36 dB
gain, 50 KHz to 1.5 GHz frequency range). The signal from this amplifier is split into
two. One half goes to an attenuator and eventually to the SPC board. The other half is
monitored on the oscilloscope in order to make sure that there is a live PMT signal during
testing. It may seem odd that the PMT signal is being amplified and then immediately
attenuated before entering the SPC board. The design is set up this way because the SPC
board is very sensitive to PMT signals and can create photon migration patterns with a
PMT signal that is less than 5 mV. Yet, it is difficult to monitor such a small signal on
the oscilloscope. As a result the signal must be amplified first so that it can be
monitored, but then attenuated at the next step so that the SPC board does not overflow.
The cables used to connect all the components are coaxial BNC cables with 50-Q
impedance. Finally, a 6.5-inch diameter Fresnel lens is placed 10-15 cm in front of the
PMT fiber in order to capture the optical signal from the subject and focus it onto the
fiber. Another lens maybe used in order to focus the laser source if deemed necessary.
(see Figure 7).

3.2 Analysis by Box Car Detectors

The TRS system mentioned above is limited by the pulse pile-up distortion.
These errors create an upper limit of 0.1 for the ratio of detected photons to the number of
excitation events from the laser. For higher values of this ratio mathematical corrections
to the data must be made to remove the error [3]. In order to avoid this problem of
having an upper limit placed on the number of photons that can be detected, the Box Car
detector system can be used instead of the SPC 300 board.

The principle of the Box Car system relies on the concept of gated integrators (see
Figure 8). The integrators being used are simple resistor capacitor networks (R, Cy, Ry,
C,, R3) and are on a timing schedule, which is controlled by a series of delay lines, flip-
flops (F.F.), and pin diodes. For example, the first gate is turned on when the impulse
from the pulse generator arrives at the first flip-flop. At this point the flip-flop transmits
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the pulse to the pin diode in front of the first integrator. Up to this point the pin diode
was acting like a closed switch, but upon receiving the impulse from the pulse generator
it conducts current and acts as a closed switch. As a result the signal from the PMT is
allowed to travel across the pin diode and enter into the first integrator.

The integrator then reports a DC voltage to the first channel of the analog-to-

digital converter, which is then stored to memory. Hence, the pulse generator was simply

Timer
20-100
MHz

{

Pulse
Generator
{ 2ns)
and Laser
Driver

Multi-Wavelength TRS/TRI using Box Car Detectors

8 bit

Multiplex Y=30dB R,C,<<R,C,=R,C, ap Tt CPU
T — Ay GaAs 100 pf (1) | Ry
ol Az Detector i J_ A J_
— D
Ao ! G, C=3, | #1 [k f—
2ns 2nsec
A
#2 | Ha My 23—
501 Cable or
Compact Delay Lines B

#3 | Mahizs |—+

o

F. F. = flipflop
BC 376b

Figure 8 — Illustration of Box Car detector system. #1,2,3 stand for gate 1,2,3 and so forth.
The element before each resistor, capacitor integrator is a pin diode. F.F stands for flip-flop
and GaAs detector (D;) shown is a Gallium-Arsenide PMT.

acting as a “platform” for the PMT signal to be integrated upon. In order to turn off the
first integrator, the original impulse from the pulse generator is also fed though delay line
A (shown here as 1 ns). After traveling through the delay line the impulse arrives at the
second input of the flip-flop. Once the flip-flop receives the second delayed impulse
from the pulse generator it no longer transmits any signal. As a result the pin diode again
acts as a closed switch, and the first integrator is turned off. Yet, the same pulse that
arrives after a 1 ns delay to the second input of the first flip-flop now arrives at the first
input of the first flip-flop and turns on the second integrator according to the same
principle. The second flip-flop receives a second input after a 3 ns delay (delay line B).
This process can go on for as many gates as needed to reconstruct the logarithmic decay
curve in order to measure the absorption coefficient of the subject. The delay lines get
longer for the sequential gates because the PMT signal is also getting weaker, and in
order to preserve equal signal to noise ratio across all the gates the integration time must
increase for the later gates (see Figure 8).
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The major drawback to the system is the difficulty of finding a flip-flop or other
logic device with a response time that can handle the 1 and 3 ns timing needed to run the
first few gates. The advantages to the system, on the other hand, are considerable. First,
the problem of pulse pile-up can be avoided, since the system is not using a conventional
SPC approach. Next, the system can be miniaturized and replicated for as many gates
and channels as are needed. For example, it is feasible to have a 3-wavelength source, 8
detectors, and multi-position scanning system via Box Car analysis. It should be noted
that Figure 8 shows the system in a contact breast imager model, but it can easily be
interchanged with the non-contact NIR cognosensor system. [Note: All Box Car
specifications credited to Chance Lab].

4, EXPERIMENTAL RESULTS
4.1 TRS Results

The following data were recorded with the SPC 300 board for various remote
distances of approximately 60 cm from the source/detector system with a high voltage of
approximately 900 volts applied to the PMT. Figure 9 shows a linear plot of photon
counts versus time across three trials. The first two trials were performed with the
subject (phantom 1) in a position to minimize the specular reflection response. Trial 3
was performed with a slight change of angle on the phantom to increase the reflective
response.

Trials 1,2,3 for Phantom 1 (u,=0.02 cm ™)
——Trial 1 Trial 2 Trial 3
70000 Figure 9 — Graph
60000 of photon counts
» versus time for
t 50000 Phantom 1 ata
3 40000 /\(\\ remote distance of
(&) ) 60 cm.
2 30000 N\ -
'S 20000 L
= 10000 [ ey
- /, \‘~.\j\\;‘\_,. SN —
0 - = T T .
500 550 600 650
Time Increment (1024=50ns)

Figure 10 shows the same data as above except with the y-axis changed to a
logarithmic scale. At time = 575 the reflection has ended, and the true photon migration

pattern is seen.
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LOG Photon Counts

Trials 1,2,3 for Phantom 1 (y,=0.02cm ™)
—Trial 1 Trial 2 Trial 3

5

45 7
N o
4 // / Sl
/ \/\P
3.5 UG
4 N End of Reflecti i1

3 uh \rf’*-“fl/ nd of Reflection
2.5 ; ;

500 550 600 650

Time Increment (1024=50ns)

Figure 10 -
Graph of log
photon counts
versus time for
Phantom 1 at a
remote distance
of 60 cm.

Data points 575-625 were used to fit via regression and determine the slope of the
logarithmic decay for the photon migration pattern (see Figure 11). Only trial 1 is shown
in the figure for convenience (statistics on trial 1 and other two trials are in Appendix C).
Converting the decay slopes across all three trials into absorption coefficients yields an

average [, of 0.01387 cm ' + 4.7% (95% confidence).

LOG Photon Counts

Enhanced Log Plot (Data points 575-625)

o Trial 1 — Linear (Trial 1)

4.4
4.2 1600 4 o

A ** $900%000s

0%%000 0
3.8 %0 e .
** %y o

3.6 o P00
3.4 y =-0.016x + 4.2878 Ceete

' R? = 0.9706
3.2

3 T T T T

0 10 20 30 40 50

Time Increment (1024=50ns)

Figure 11 — Selected
points for log plot of
trial 1 used to
perform regression
analysis.

The above three trials displayed that the photon migration pattern and specular
reflection from Phantom 1 flowed into each other, meaning that there was no time
difference between the two responses. However, by changing the attenuation value on
the PMT signal entering the SPC 300 board, increasing the PMT voltage to near 1100
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volts, and changing to a much higher absorption phantom (p,= 0.37 cm ™), it was
possible to separate the two signals (see Figure 12). The signal was too noisy, however,
to perform regression analysis (the standard error of slope was greater than 10%). This
problem is discussed further in section 5.

Remote Trial Demonstrating Seperation of Specular and
Photon Migration

3.6 Figure 12 — Graph

3.4 ) | of separation of
c specular reflection
3 ) | | and photon
o 32 | [ T ' P
c i’ H l migration pattern
..g 3 when attenuation,
£ | PMT voltage, and
O 28 | ' phantom was
- I | | changed.

26 | th Ll [ LI

o IR Dl b =

0 100 200 300 400 500 600 700 800 900

Time Increment (1024=50ns)

4.2 Initial Box Car Results

Although no flip-flop or logic device was found that was fast enough to handle
the timing controlling the gates in the Box Car system, it was still possible to design a 1-
gate integrator without the pin diode, delay line, and flip-flop timing system. Figure 13
demonstrates the voltage dampening out of the output of the integrator (R;= 50 — Q, Ci=
100 pF, Ro=50 - Q, Co=3 nF, no R; used) when a 1 V p-p impulse was sent through at

various frequencies. The voltage was decreased by a factor of 10 at 5.2 MHz.
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Voltage (mV)

Voltage Peak to Peak (mV) vs Frequency (MHz)

600

500 |4
400 .

300

200

L 2

100 *

Frequency (MHz)

pulse,

Figure 13 —
Graph
demonstrating
voltage
dampening out
of 1 gated Box
Car.

One of the main purposes of the Box Car system is to stretch the input pulses as
they go through the integrator, making the result at the analog-to-digital converter more
stable. Figure 14 demonstrates the above-mentioned pulse stretching. At a frequency of
5.2 MHz the input pulse had a FWHM that was 37% as long as the FWHM of the output

thus showing a considerable amount of stretching.

FWHM input/ FWHM

FWHM ratio (%) versus Frequency (MHz)

120

100 -{m
80 _

60 |

output (%)

20

Frequency (MHz)

S.

DISCUSSION AND CONCLUSIONS

Figure 14 —
Graph
demonstrating
pulse stretching
out of 1 gated
Box Car.

The results from the TRS system for Phantom 1 (p, of 0.01387 cm 11+ 4.7%)
show roughly 30% error from the actual value of 0.02 cm™. This error would suggest
that perhaps the signal being analyzed for the decay slope is not the true photon migration
pattern. However, it is important to remember that the signal measured by the SPC 300
board is a convolution of the true signal and another signal known as the instrument
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response function. The instrument response function is a result of the pulse that is
driving the source for the experiment (for this experiment, the Hewlett Packard 8082A
Pulse Generator). Therefore, in order to measure an absolute value for i, the data must
first be de-convolved, for which there are various methods [6]. Since it was shown in
the results that it is perhaps possible to further separate the specular response and the
actual photon migration pattern (see Figure 12), no steps were taken to de-convolve the
data since it is not yet known which data set is optimal.

The results from the Box Car system demonstrated that pulses in the frequency
range of 1-5 MHz could be handled with the 1-gated integrator in the appropriate fashion
(see Figures 13 and 14). If frequencies of up to 50 MHz were applied, one would simply
have to experiment with the values of C; and C; to achieve the appropriate pulse shaping
for the analog-to-digital converter.

6. RECOMMENDATIONS

Although it was shown that data could be seen over remote distances with the
TRS system, significant work is needed to optimize the system. First, further tests should
be done to try to minimize the noise seen when the specular reflection and photon
migration pattern are separated. If noise can be reduced, it will be possible to confirm
that the second peak that appears is actually a photon migration pattern and not just an
artifact from the SPC 300 board or from another component in the system. The first step
should be to move the SPC 300 board to another PC and see if the same results can be
obtained.

The Box Car system remains largely untouched. However, one option remains to
achieve the nanosecond timing needed for the gates. It may be possible to program an
emitter coupled logic (ECL) chip or purchase an ECL flip-flop that bhaves in the fashion
needed to control the integrator gates.
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9. APPENDICES
Appendix A : CFD Principle

The CFD takes the input pulse from the PMT and splits it into two signals. The
first signal is attenuated and the second is inverted and delayed. The pulses are then
added together creating a bipolar signal that has a zero crossing level. The zero crossing
level is then used by the CFD as the point to create the new impulse, which is
independent of the original amplitude of the input pulse (see Figure A1). The CFD can
also be set to reject any input pulses that have amplitudes falling outside a variable
window. This setting allows for rejection of input pulses that are caused by double
triggering or are part of the dark current of the PMT [4].

Attenuated pulse

—\/"’_

Input pulse \

Inverted and delayed pulse
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Figure Al - Diagram of CFD timing principle [4].

Appendix B : TAC Principle

The TAC works with two inputs, a start input and a stop input. Once the TAC
receives a start impulse it creates a voltage ramp (after a certain characterstic time delay
inherent in the TAC being used). When the TAC receives the corresponding stop
impulse it will stop the voltage ramp. Hence, the amplitude of the voltage ramp will be
directly proportional to the time between the start and stop impules. Therefore the TAC
takes time and directly correlates it to a voltage (see Figure B1).

Voltage Ramp

Volts

Time (ns)

Start Stop

Figure B1 - Illustration of ideal TAC function when start and stop inputs are
provided that are separated on the nanosecond time scale.
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Appendix C : TRS Regression Analysis

Trial 2
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Figure C1 — Graph of
points used to do
regression analysis on
Trial 2 for Phantom 1.
Points 575-625 were
used and the slope and
R? value are listed to
the bottom right.

Figure C2 — Graph of
points used to do
regression analysis on
Trial 3 for Phantom 1.
Points 575-625 were
used and the slope and
R? value are listed to
the bottom right.



Table C1 : Regression statistics for all three trials on Phantom 1.

Statistic R’ Value Max Slope Min Slope Standard
95% CI) (95% CI) Error
Trial 1 0.971 -0.01522 -0.01682 0.000398
Trial 2 0.955 -0.01392 -0.01578 0.000463
Trial 3 0.968 -0.0142 -0.01577 0.000391
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