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ABSTRACT 
 

 

Fluorescence technologies have only begun exploiting the transient recording of 

lifetime-based signals and images for low nanosecond lifetimes, but the method has 

tremendous potential for scientific and medical applications. Low nanosecond lifetime 

recording in real-time can enable the tracking of metabolite concentrations in cells and 

tissues (e.g. cancerous tissues) without introducing foreign substances. It will also enable 

the tracking of reactive species (e.g. ozone) and intermediate/short-lived states in 

chemical reactions in the atmosphere. Current techniques all employ laser excitation, but 

LEDs can also be used which cause considerably less damage to live tissue. We have 

developed a high speed fluorescence prototype using high intensity LED pulses and novel 

PMT gating technology. Precision timing circuitry generates tunable width pulse signals 

which are driven through the LED using a comparator-based push-pull architecture. The 

timing circuitry also generates PMT gating pulses which are applied to the dynode chain 

via high voltage operational amplifiers.  LED pulses with fall times (99%) as short as 2ns 

and PMT gating times (10% to 90%) of 3.6ns have been achieved. The prototype has 

been used to successfully measure the fluorescent lifetimes of Alexa Fluor 610X dye 

(1.7ns and 4.7ns) and riboflavin (4.5ns). Lifetimes of acridine orange were measured as 

follows: alone (2ns), in solution with ssDNA (3.7ns), in solution with dsDNA (5.8ns), 

and in solution with dsRNA (5.9ns). Finally, dsRNA was heated and allowed to cool 

revealing lifetimes that started at 3.7ns when hot and increased to nearly 5ns when cool. 
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CHAPTER 1 FLUORESCENCE INSTRUMENTATION 

 
 

 Fluorescence is an invaluable measurement tool with applications ranging from 

mining to biology. In consequence, countless instruments have been constructed to 

measure various aspects of fluorescence from excited materials. This dissertation 

proposes optimizing the transient recording of fluorescent using the gating paradigm of 

photomultiplier tubes (PMT) and applying it to biology. This technique has been used 

abundantly in scintillation counting for high energy physics [1], but has rarely been used 

for biological applications. This may be because in scintillation counting, the shape of the 

signal is less important than the total energy and the occurrence of events, but in biology 

the shape of the signal (initial intensity and time constants/lifetimes) correlates with the 

fluorophores being excited. Gating introduces significant systematic error that is 

sometimes difficult to remove and can obscure intensities and lifetimes [2]. However, 

modern electronics can greatly enhance the capabilities of these kinds of instruments by 

increasing speed and reducing systematic error. Additionally, LEDs will be used as the 

excitation source. LEDs are particularly well suited to biological samples because of their 

low power and broad spectrum relative to lasers; the absorption spectrum can be better 

matched and photobleaching can be minimized (i.e. spectral hole burning). 

1.1 FLUORESCENCE AS A MEASUREMENT TOOL 

 

 Fluorescence is one of the physical phenomena where light is absorbed by a 

material and then light is emitted by the material at a lower energy (longer wavelength). 

At the atomic level there are several steps in the processes of fluorescence and competing 

phenomena that can cause the light that is absorbed to be converted into heat and other 

forms of energy. A few of the most commonly cited steps (typically illustrated in a 

Jablonski diagram, Figure 1.1 in fluorescence are listed [3,4]. 

 

(1) In the first step, photons (light) are absorbed by exciting electrons to higher 

energy states than the ground state S0. This occurs in about 1fs. 

(2) In the second step, internal conversion causes the excited electrons to loose 

energy which is converted into heat until the electrons settle into the lowest 

energy level of the first excited state S1. This occurs in about 1ps. 

(3) In the third step, electrons relax to the ground state causing the emission of 

photons. This can occur anywhere from about 100ps to hundreds of 

microseconds, but is normally around 10ns for many biological molecules. 

(4) In the fourth step, internal conversion causes all the excited electrons to lose their 

remaining energy as they settle into the lowest available ground state energy 

level. This occurs in about 1ps. 

 

Each step is not necessarily completed prior to the following step beginning, 

however, for most practical purposes, we can assume this is the case for steps 1, 2, and 4. 
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Because the electron relaxes to the ground state at different energy levels, a fluorescent 

spectral band is emitted. The absorption spectrum is usually higher in energy (shorter in 

wavelength) than the emission spectrum due to the energy lost from internal conversion. 

This phenomenon is called the Stokes Shift and is illustrated in Figure 1.1. 

 

 
Figure 1.1 Left – Simplified Jablonski Diagram. Right – Illustration of Stokes Shift. 

 

Given low optical densities�� � 	��� ≪ 0.05, fluorescence is given by 

 

	���� � 	2.3��������� , 
 

where the excitation light intensity is ��, ���� is the extinction coefficient of the 

fluorophore as a function of wavelength, c is the sample concentration, � is the sample 

thickness, and � is the quantum yield of the fluorophore [5]. Note that the resulting 

fluorescence intensity is linear with respect to the excitation light intensity and the 

concentration. This is usually true over several orders of magnitude of concentration and 

excitation intensity. 

1.2 FLUORESCENCE MEASUREMENT PARAMETERS 

 

 There are several fluorescent properties that can be measured. A few of the most 

common include the excitation (absorption) spectrum, emission (fluorescence) spectrum, 

temporal dynamics such as lifetime (time constant) measurements, and polarization [4]. 

There are a myriad of things affecting fluorescent properties such as chemical 

concentrations, binding distances, fluorophore types, environment, and structure making 

fluorescence an invaluable tool for investigating chemicals, cells, and materials. For 

example, most biological assay experiments are based on fluorescence and binding a 

fluorescent marker to various types of cells. Fluorescence has even been used to measure 

the distance between fluorophores bound to different parts of the same molecule and 

hence to measure distances between parts of the same molecule (i.e. FRET) [6]. 

 The temporal dynamics of fluorophores are of particular interest because they 

provide an increased quantity of information about the substances being interrogated. 

When fluorophores are excited by a pulse of light the fluorescent emission decays over 

some period of time. This usually takes the form of an exponential decay or as a sum of 

exponential decays. The lifetime associated with that decay is affected by the type and 

environment of the fluorophore including concentration, pH, and binding to other 
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molecules. This means that identical fluorophores in the same solution can sometimes be 

distinguished by the molecules to which they are bound by simply measuring two distinct 

lifetimes [2]. 

1.3 MEASURING FLUORESCENT TEMPORAL DYNAMICS 

 

 There are many methods for measuring the temporal dynamics of fluorescing 

molecules, but in general, they can be separated into two broad categories: time-based 

measurements and frequency-based measurements such as phase and demodulation. 

Time-based measurements include time correlated single photon counting (TCSPC) and 

gating (strobing) techniques [2,5].  

In TCSPC, a sample is excited by pulses, whose amplitudes are decreased to the 

point that the pulses will only generate one emitted photon from the sample or none. This 

transforms the analog problem into a digital one at the expense of the numbers of photons 

needed [signal-to-noise ratio], time required, sample exposure, and biological integrity.  

Modern TCSPC sets the amplitude of the pulses low enough so that about 100 pulses are 

required before one photon is generated in order to minimize the chances of two photons 

being emitted from the excitation. The time from the excitation to the emission of a 

photon is measured and binned. A histogram of the data is then created giving the 

fluorescence decay characteristic. A major advantage of this technique is that it is 

relatively immune to noise and systematic error [2].  

In the gating technique, a photon counter such as a photomultiplier tube is turned 

on and off (gated) during short time intervals. The sample is excited repeatedly and the 

resulting fluorescence is measured for every point in time until the fluorescence decay 

can be constructed. This technique is also called strobing. It is frequently plagued with 

systematic error [2, 5] and is sometimes applied to time-resolved fluorescence 

measurements. Transient recording is a special case of gating where the photomultiplier 

is turned on and the signal is sampled for the entire fluorescent decay. This technique is 

beginning to gain momentum as electronics and photomultiplier tube technology have 

improved to the point of eliminating much of the systematic error [2,7]. 

In the phase and demodulation technique, a sample is excited continuously by a 

sinusoidal excitation source. The sample continuously emits fluorescence at the same 

frequency as the excitation source, but with a phase shift and a change in amplitude 

(demodulation). The lifetime of the fluorescence can be measured using either the phase 

shift (��) or demodulation (��). These time constants are equal for a single exponential 

decay, but they are different for a sample that fluoresces with sums of exponential decays 

with different lifetimes [8]. 

1.4 LIMITATIONS OF MAINSTREAM METHODS 
 

Mainstream techniques for measuring fluorescent properties of biomolecules are 

limited in terms of biocompatibility and sensitivity. In TCSPC, the sample is excited 

hundreds of thousands of times by lasers to determine a single decay rate [2]. Although 

modern technology allows for decay rates to be determined in about 1ms, a biological 

sample would easily be damaged from so many excitations due to spectral hole burning 

and heating. Another problem with TCSPC is that the use of lasers only excites a few of 

the available fluorophores in a biological sample. The excitable spectrum is much wider 
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than the laser spectrum because thermal vibrations create a distribution of excitable 

states. Frequency based methods excite the sample continuously and thereby also easily 

damage the sample and limit the usefulness of the method in biology. 

 The sensitivity of mainstream techniques is also limited. The most common 

detectors for fluorescent decay are photomultiplier tubes (PMTs). PMTs can be set so 

sensitive that they are easily saturated by stray light such as scattering from the excitation 

source. In order to detect the smallest concentrations (1 cell for example) containing a 

fluorophore, the excitation must be very intense. Furthermore, because of the low 

quantum yield of biological fluorophores, the emission will usually be around two orders 

of magnitude less intense than the excitation. To minimize scattering, the excitation 

source is placed at a 90 degree angle from the PMT detector. Even at a 90 angle, the light 

source intensity must be very low in order to detect fluorescence, because scattering can 

still saturate the PMT. This requires the concentration of cells to be very high. This is 

unacceptable in situations like water monitoring where relatively few cells are present. 

To increase sensitivity, interference filters are frequently used. These filters 

provide about 4-8 orders of magnitude of light rejection, however they decrease the 

bandpass intensity by 2% to 10% requiring stronger excitation. By using two interference 

filters, one for the excitation and one for emission, sensitivity can be increased by nearly 

seven orders of magnitude. The second filter is required for continuous excitation if the 

source is relatively broad band (e.g. LEDs, lamps), but not for very narrow band sources 

(e.g. lasers). This filter narrows the excitation band so as to minimize the background 

signal due to excitation. 

 Using gating, the sensitivity can be increased further while simultaneously 

requiring less sample exposure to radiation.  In gating, a PMT is kept off until just after 

the excitation is turned off. Since the PMT is off, the excitation does not saturate the 

PMT. When the PMT is turned on, only the fluorescence is detected. This technique 

maximizes sensitivity and also takes full advantage of the excitation and emission 

without a measurement-generated background. Unfortunately, the gated off state of the 

PMT is not in reality completely off because the PMT cathode and dynodes must be 

biased at very high voltages. In some cases it may be desirable to combine both optical 

filters and gating because gating using just dynodes is usually only capable of reducing 

the excitation by about four orders of magnitude for most transient recording applications 

[9].  

1.5 ONGOING RESEARCH FOR FLUORESCENCE INSTRUMENTATION 

 

 Researchers are continually seeking ways of improving and expanding 

fluorescence instrumentation technology in terms of excitation, detection, size, cost, 

optics, speed of data collection, sensitivity, and versatility. Extensive efforts are being 

made to replace conventional excitation sources such as lasers, zenon lamps, and mercury 

lamps with LEDs [10,11,12,13,14]. This is due to a number of factors including the 

robustness of LEDs, safety, efficiency due to matching the absorption spectrum of 

fluorophores to the LED spectrum, power, and heating [10]. Additionally, LED excitation 

is now frequently used for fluorescence lifetime measurements via the TCSPC method 

[15] and some companies such as PicoQuant have off-the-shelf products using LEDs in 

TCSPC. 
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 There are various detectors available and ongoing research on detectors for 

fluorescence instrumentation. The type of detector used, in large measure, depends on the 

application. Although they have been used for decades, photomultipliers are still the 

detector of choice in terms of sensitivity and speed; however, single photon avalanche 

photodiodes (SPAD) are gaining momentum for microfluidic applications [11] and CCD 

arrays together with gated optical intensifiers (GOI) are extensively used in time-resolved 

fluorescence microscopy[16,17]. In addition, an extensive selection of photomultipliers 

are available depending on the spectrum of interest, the required timing characteristics 

(rise times, fall times, transit time spread, etc.), and the desired sensitivity. The latest 

technologies include microchannel plate photomultipliers, hybrid photomultipliers which 

incorporate an avalanche photodiode, and photomultiplier arrays for low resolution 

imaging applications. Many models are offered by Hamamatsu Photonics K. K. [18]. 

Another noteworthy detector that is sometimes used is a streak camera (also offered by 

Hamamatsu). Modern streak cameras have excellent temporal resolution, but are very 

expensive.  

 Much of the instrumentation we have developed in the Powers’ research group is 

not time-resolved. Recent developments use patented sinusoidal LED excitation, 

drastically improving sensitivity, even over other contemporary developments [19]. This 

is because the energy at other frequencies can easily be filtered out, significantly reducing 

the effects of noise and other backgrounds. 

 Versatile time-resolved instruments are invaluable for laboratory research and are 

also sometimes employed in clinical studies. These kinds of instruments tend to be bulky 

and expensive. Pitts and Mycek, published a remarkably versatile instrument based on 

laser excitation [7]. The instrument is capable of spectral resolutions of about 2nm and is 

also capable of recording lifetimes from “hundreds of picoseconds to tens of 

nanoseconds” using the transient recording method (sampling the signal). The excitation 

temporal FWHM is 4ns and was accomplished using a tunable dye laser (360nm to 

950nm), pumped by a nitrogen laser (337.1nm). Despite its tremendous spectral and 

temporal resolution, Pitts and Mycek’s instrument suffered from poor sensitivity (50uM 

of fluorescent dye) due to the avalanche photodiode detector for time-based 

measurements. Laser excitation also likely negatively affects the sensitivity because only 

a small subset of the available fluorophores can be excited with a single, high-power 

pulse at such a narrow spectral band. Finally laser excitation introduces extensive spectral 

hole burning (photobleaching in a narrow band) which is unacceptable for various types 

of experiments/diagnostics. Feng et al. improved on the basic idea of this instrument by 

using a MCP-PMT as the detector increasing sensitivity, and added some LED capability 

using PicoQuant LEDs [15]. Lifetime resolutions were comparable. 

 Urayama et al. developed an instrument similar in concept to Pitts and Mycek and 

Feng et al., but extended the functionality to do time-resolved fluorescence lifetime 

imaging microscopy (FLIM) [16]. In time-resolved FLIM each pixel is interrogated by an 

excitation source and the fluorescent decay lifetime is estimated. The image consists of 

pixels that are mapped to a color based on the lifetime.  A gated optical intensifier (GOI) 

was used in front of a CCD array in order to attenuate the laser excitation pulses and 

amplify the emitted fluorescent decay signal. Lifetime imaging was performed on cells 

using pulsed laser excitation at 337.1nm using only the available intrinsic fluorescence in 

the cells. The cells were likely severely damaged during the imaging and photobleaching 
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was also likely problematic. Urayama et al. monitored photobleaching but did not specify 

the effects on the cell samples. Photobleaching for fluorescein was studied and 

appreciable photobleaching was not observed until about the 800
th

 pulse. Cells were 

imaged from about 0.5ns lifetimes to 5ns lifetimes. Sensitivity and speed become severe 

tradeoffs for FLIM instruments because measuring several pixels simultaneously requires 

very small active regions for the detector. Alternatively, one can achieve high sensitivity 

at the cost of speed by having a large active region detector such as a photomultiplier 

tube and scanning each pixel. In Urayama’s instrument, sensitivity is not specified, but 

very high concentrations of fluorescein (1mM) were used in the photobleaching 

experiments. This concentration is so high that the intensity is no longer linear with 

respect to concentration and may have negatively affected the photobleaching study. The 

high power lasers and the GOI appear to have been used to at least partially compensate 

for the inherent poor sensitivity of the CCD array. The samples were also likely 

stimulated several times and some sort of binning or averaging performed, improving 

sensitivity, but exacerbating photobleaching. This is evident because the rapid lifetime 

determination algorithm was used to identify lifetimes [20]. J. Requejo-Isidro et al. 

developed a similar instrument for endoscopic imaging with a wide field of view [17]. 

 Moe et al. developed a versatile LED-based excitation source for fluorescence 

based systems [10]. The excitation source consisted of an array of LEDs of various 

wavelengths (up to eight). Several “randomizing” fiber optics were used to combine and 

collimate the light from the LEDs. The light source was therefore tunable across a wide 

spectrum to produce artifact free light for the spectrum of interest (i.e. the absorption 

band of a particular fluorophore). The instrument was also capable of producing light 

pulses with a FWHM of about 40ns which is suitable for recording time-resolved 

fluorescent lifetimes on the order of about 100ns and longer. Perhaps one of the most 

significant draw backs for this type of instrument is that its flexible light source 

complicates the use of optical interference filters to reduce the excitation light from the 

LEDs that is in the fluorescent band. 

 Considerable interest in miniaturization has led Rae et al. to develop LED and 

single photon avalanche photodiode (SPAD) arrays mounted vertically and with a slot 

between the arrays for a very small sample[11]. Lifetimes were measured using the rapid-

lifetime-determination algorithm which was implemented in a way similar to TCSPC 

except that only two bins were used which were particularly wide. The time difference 

and the total number of counts per bin allows for very accurate lifetime measurements for 

single exponentially decaying signals. Lifetimes as short as 3.7ns (Rhodamine) were 

measured with concentrations as small as 10nM. The 8x8 LED array has a 200µm pitch 

with a peak wavelength of 450nm. The arrangement achieves an effect similar to gating 

because the single avalanche photodiode (SPAD) sensitivity at the LED peak excitation is 

a factor of 20 smaller than the SPAD peak sensitivity wavelength. These fast and 

sensitive systems are clearly application specific with only one available excitation 

wavelength and only a handful of suitable fluorophores. Furthermore, the custom 

integrated circuits required for the LED and photodiode arrays are also very expensive in 

low quantities. 

 Some of the most recent work has focused on increasing throughput. For TCSPC 

techniques this frequently means using multiple lasers, detectors, and data collection 

channels. This is because precise time stamping is required and the timing circuitry, such 
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as the time-to-amplitude converters, frequently needs long recovery times. Wahl et al., 

improved upon a multiple channel system in terms of size and cost by using avalanche 

photodiodes as the detectors and by sharing some of the electronic hardware for each 

channel [21]. The instrument took a minor hit in throughput because when multiple 

events arrived simultaneously, the data had to be discarded because of ambiguity. 

Antonioli et al. recently developed an eight channel time-to-amplitude converter chip 

with very low cross talk primarily intended for TCSPC applications [22]. 

 To increase throughput further, there have been several recent efforts to resurrect 

transient recording (sampling) of the entire exponential decay from a single high power 

excitation pulse. These advances are, in large measure, due to advances in sensor 

technology and high speed electronics drastically reducing systematic error and 

increasing sample rates. Peterson et al., developed an instrument intended for reading 

384-well microplates [23]. Transient recording enabled the instrument to record 

fluorescent decay data for Rhodamine B and G6 from all the channels within three 

minutes. Lasers were used as the excitation source and a PMT as the detector.  

Wang et al. present a compact novel instrument using multiple LED based 

excitation together with avalanche photodiode detection [14]. The instrument integrates 

fluorescent decay data over two windows and then uses rapid lifetime determination to 

evaluate lifetime data. Each LED provides lifetime data for different excitation 

wavelengths. No optical filtering is required, further reducing size and cost, but the 

required fluorophore concentrations are high. 

1.6 PREVIOUS INSTRUMENTS 

 

 Over the past several years, our research group has been constructing instruments 

that use fluorescence to determine the microbial load on surfaces and in liquids [19,24-

32]. These instruments rely on the intensity of the fluorescence due to metabolites (e.g. 

reduced pyridine nucleotides (RPN), porphorins, and flavins) and calcium dipicolinic 

acid complex (Ca-DCA) to measure the live, dead, and sporulated cells in a sample. The 

instrument from 2003 takes measurements by pulsing a Xenon lamp over the course of 

several microseconds [24]. The resulting fluorescence occurs nearly simultaneously with 

the pulse and is integrated over time (capacitively coupled integration) giving a measure 

of the total microbial load of the sample. Integrating the fluorescence over a period of 

time can greatly enhance the detection limit of the instrument. The 2003 instrument has a 

detection limit of about 20 viable cells per cm
2
 for a surface.  

Two additional instruments were built by our research group based on a patented 

method developed by our group in 2010 which excites the sample with three different 

LED generated optical bands simultaneously [19]. Each of the excitation sources emits a 

temporal, sinusoidal excitation that is optically filtered before reaching the sample. The 

resulting fluorescence is a sum of three sinusoids with the same frequencies as the 

respective excitations provided the excitation frequencies are not on the order of the 

fluorophore lifetimes. This fluorescence is optically filtered before reaching the detector 

thus minimizing the background from the scattered excitation light. The detector output 

signal is then electronically filtered, amplified, and sampled. Finally, the Fourier 

transform of the data is taken in order to separate out the fluorescence for each excitation. 

The magnitude of the transformed data is integrated across the appropriate time based 

spectrum to quantify the total fluorescence due to each excitation. One major advantage 
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of these instruments is that the concentrations of more than one fluorophore can be 

quantized simultaneously (within an interval of several milliseconds). This reduces error 

in the measurements which are due to changes in concentrations of biomolecules due to 

temporal cellular processes. Furthermore, background light due to LED biasing and 

ambient light is easily eliminated from the measurement by filtering it out in the 

electronics (the Fourier transform of a constant is also zero). An instrument measuring 

volumes of sample achieved a sensitivity of about 0.05 cells per cm
3
 (50 cells per 

liter)[33].  Another instrument was designed for field work and surface measurements. 

Due to limitations in the number of excitation sources and ability to block ambient light, 

sensitivities of about 10-100 cells per cm
2
 were observed depending on the surface [24].  

A third type of instrument was partially built and some preliminary data was 

collected [34,35]. The intent of this instrument was to increase sensitivity and to make the 

fluorescent lifetime (time constant) data available. One of the limiting factors of the 2010 

instrument is that the background light due to LED biasing will saturate the light detector 

above a particular gain setting of the detector, causing the signal to flat line and the data 

to be lost. To relax this limitation, the new instrument pulses an LED while the detector is 

in a partially off state preventing saturation. (A saturated detector can take milliseconds 

to recover depending on the degree of saturation.) When the LED is turning off, the 

detector begins to turn on and the LED is completely off when the detector is completely 

on. The resulting measurement consists entirely of the decay of the fluorescence. The 

lifetime measurements of this instrument are limited by the turn off time of the LED 

(about 10ns to 12ns using a Tektronix AFG3252 signal generator and reverse biasing the 

LED), the turn on time of the detector (about 10ns when the turn on transient is 

subtracted from the total signal), the bandwidth of the analog signal amplifier and filter, 

and the sample period of the analog to digital converter. The bandwidth of the instrument 

was about 10MHz which means that the 90% to 10% fall time of the system due to an 

infinitely sharp transition from high to low is about .35/10MHz = 35ns. Later on, it will 

be shown that considering this bandwidth it is difficult to detect decay lifetimes shorter 

than about 2*(1/2π10Mhz) = 32ns. In other words, it is difficult to distinguish time 

constants due to a fluorescent decay that are not at least two times that of the time 

constant that characterizes a first order system. The detection limit with respect to the 

intrinsic (naturally occurring) fluorophores of cells is not applicable for this instrument 

because the system is incapable of turning off the LED and turning on the PMT in time to 

sample fluorescent decay data. A foreign dye would have to be added to the sample. A 

detailed description of this instrument and resulting experiments can be found in Chapter 

2. 

 

1.7 A TIME-RESOLVED INSTRUMENT FOR INSTRINSIC FLUOROPHORES 

 

 Naturally occurring (intrinsic) fluorophores in cells have very short lifetimes 

(between about 500ps and 6ns) [2] and have relatively low concentrations samples of 

cells. It is desirable to be able to interrogate a sample with only one cell and still be able 

to measure the fluorescent characteristics of the intrinsic fluorophores. This capability 

would enable many in vivo experiments and perhaps diagnostics without the need for 

adding dyes to the sample. A new instrument with the following specifications should 

make much of this possible: a minimum detectable fluorescent decay lifetime of 1ns, the 
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gating method is used such that the light source is completely off at the same time that 

the detector is completely on, and LEDs are used as the excitation sources to minimize 

photobleaching. These specifications are intended to maximize the sensitivity of the 

instrument with respect to the intrinsic fluorophores of cells while minimally affecting 

the cells and to make fluorescent lifetime data available. Furthermore, 1ns is chosen as 

the benchmark because the lifetimes of known intrinsic fluorophores in a purified state 

are usually greater than about 0.5ns and it is expected that the fluorophores bound to 

biomolecules will have increased lifetimes. For example, pure NADH in a water based 

buffer has reported lifetimes of about 0.4ns, but can increase to as much as 5ns when 

bound to horse liver alcohol dehydrogenase [2]. 

 These specifications imply the following: a desired bandwidth of 1/(2π*0.5ns) = 

318MHz, a light source fall time of about 1ns and a light detector turn on time of about 

1ns. Another desirable feature of the instrument is that the light source has a spectral full 

width half maximum (FWHM) of greater than 10nm and less than 100nm allowing most 

of the available fluorophores to be excited from a single pulse. This is because the 

fluorophores can frequently be bound to many different kinds of macromolecules or 

macromolecules in different states which slightly alters their absorption spectrum. The 

obvious light source that fits this feature is an LED, however, it is difficult to pulse LEDs 

such that its turn off time is less than 1ns. More precise specifications will be developed 

in the following chapters based on noise requirements and limitations due to electronics, 

PMTs, and LEDs. 

Figure 1.2 shows a diagram of the proposed instrument. A PC initiates a series of 

pulses from a microcontroller. The microcontroller triggers a timing circuit to generate 

pulses to drive an LED. Additionally, the timing circuit also synchronizes pulses to gate a 

PMT on and to initiate sampling. When the series of pulses is complete, the 

microcontroller signals to the sampling board to finish initial processing of the data 

(averaging) and to send the data to the PC. The fluorescent data is expected to have 

applications in cell quantification and identification. Furthermore, the electronic design is 

expected to be applicable to optical communications, general high speed instrumentation, 

and imaging. 

 

 
Figure 1.2 A Block Diagram for a High Speed, Time-resolved Instrument. 
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 Table 1.1 helps to illustrate how the proposed instrument fits into the broad range 

of fluorescence instrumentation that has been developed to this point. Each column 

corresponds to a particular instrument implementation. The table by no means fully 

categorizes the types of fluorescence instruments that currently exist, but does show the 

expected advantages associated with the proposed instrumentation in the highlighted 

column. The green highlighting shows that the instrument is expected to be very sensitive 

relative to other implementations while minimally photobleaching the sample. 

  

 
Table 1.1 A Comparison of Various Fluorescence Instrumentation Implementations.  

Each column represents a different instrument configuration. 

 

1.8 BLOODBORNE PATHOGEN DETECTION 

 

 In addition to the gated, time-resolved prototype that was developed, another 

complete instrument was built capable of detecting pathogens in fresh, whole blood. In 

contrast to the gated prototype, this instrument expands on the paradigm of the patented 

method using sinusoidal LED excitation mentioned earlier [19]. Improvements in terms 

of the robustness and capability of the hardware and software were made. A small 
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disposable for performing all the biochemistry for assay experiments in order to bind 

fluorescent dyes to pathogens was also developed [37]. 

 

1.8 DISSERTATION SUMMARY 

 

 The dissertation will proceed as follows: Chapter 2 will focus on the 10MHz 

instrument developed previously and data will be reported for a relatively slow decaying 

fluorophore (ruthenium). Small changes will be made to the system to optimize the decay 

rate that can be measured and data will be shown for another fluorescent dye (ethidium 

bromide). Additional limitations will also be identified that prevent the system from 

measuring intrinsic fluorophore decays from cells. Chapter 3 will discuss the electronics 

for the blood born pathogen detection instrument developed in our lab and the 

improvements made over previous instruments. Chapter 4 will develop specifications for 

the instrument proposed in Figure 1.1 at the system level and for each of the stages in the 

instrument. Chapters 5 and 6 will use the specifications developed in Chapter 4 to 

describe the design of an LED driver, the gating and biasing circuitry for a PMT, and the 

analog signal processing circuitry (e.g. transimpedance amplifier, and voltage amplifier). 

Chapter 7 will discuss data that was collected from dyes and purified intrinsic 

fluorophores such as flavins to demonstrate the capabilities of the new instrument. It will 

also provide conclusions and suggestions for future research that can be done in this area, 

such as applying compressive sensing to the data collection. 
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CHAPTER 2 A 10MHz TRANSIENT RECORDING PROTOTYPE 

 

 
The Powers’ research group partially constructed and tested an instrument to 

perform transient recording of fluorescent decay data. The instrument was capable of 

recording fluorescent decays with lifetimes (time constants) on the order of about 80ns 

and longer. My contributions subsequently upgraded this instrument’s system to the point 

of being capable of recording decays with lifetimes on the order of about 8ns and longer. 

Each version of the instrument was used to collect and process fluorescent decay data 

from ruthenium and ethidium bromide dyes for comparison. 

 

2.1 A 10 MHz INSTRUMENT 

 

The original intent of a prototype partially constructed and tested by the Powers’ 

research group is illustrated in Figure 2.1 [1,2,3]. This prototype is meant to provide two 

primary improvements to the prototypes based on continuous sinusoidal excitation [4]. 

The first improvement is an increased sensitivity by having the excitation source 

completely off during the detection process. The second improvement is the ability to 

obtain lifetime data without the risk of damage to the biological sample as discussed in 

Chapter 1. 

An LED is pulsed to excite a sample which, in turn, fluoresces and the resulting 

fluorescence is recorded by a Photomultiplier Tube (PMT). The current signal from the 

PMT is amplified and filtered by a transimpedance amplifier and the resulting signal is 

sampled. The data is captured by an FPGA on-the-fly and multiple decays are averaged 

to minimize the amount of data as well as increase the signal-to-noise ratio (SNR). 

Finally, the averaged decay is processed by a Digital Signal Processor or a computer to 

ascertain if there is a measureable fluorescence. Unfortunately this instrument was never 

fully operational; however, many desirable features were elucidated for a more advanced 

and practical future instrument. Some preliminary data was taken showing that this 

particular design could be useful in obtaining lifetime data from extrinsic biological 

fluorescent markers. The first marker was ruthenium. It was chosen because of its long 

lifetime on the order of about 500ns to show that the original concept worked. After the 

instrument was improved, data was also taken from ethidium bromide which was chosen 

to test the limits of the instrument. 

The timing diagram of Figure 2.2 helps to further elucidate the operation of this 

instrument: an LED is pulsed, just after the LED turns off the PMT begins turning on, 

and the only light that should be entering the PMT is the light from the fluorescing 

sample. In reality, the time during which the LED is turning off and the time that the 

PMT is turning on can be overlapped provided that the PMT’s function and the function 

of the transimpedance and voltage amplification circuitry is not degraded by excessive 

excitation from the LED. The delay from the time that the LED begins to turn off to the 

time that the PMT output begins to respond can easily be measured and a trigger edge can 

be set to begin sampling. This moment also corresponds to the beginning of the 

fluorescent decay. 
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Figure 2.1 A Block Diagram for a Time-Resolved Fluorescence Instrument. 

  

 
Figure 2.2 The Gating of a PMT on Directly After LED Excitation. 

 

2.2 RUTHENIUM LIFETIME MEASUREMENTS 

 

 The instrument based on Figure 2.1 never successfully transferred data from the 

ADC to the FPGA and from the FPGA to the DSP, however, an oscilloscope was used to 

probe the output of the transimpedance amplifier in order to obtain fluorescent decay 

data. The lifetime of Tris(2,2’-bipyridyl)ruthenium(II) was measured and compared with 

lifetimes reported in the literature [5]. 

 There are a few systematic errors that are introduced into the signal of interest that 

can be minimized with some basic assumptions and manipulations. The first error is a 

transient that is introduced into the signal due to gating the PMT on. The second error 

occurs because the gain is not constant with respect to time which is also due to gating. 

1)  We can represent the entire measured signal as 

 

����� � �������  �!"�#���  �����  �$%����, �� 
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where  �� is the sampled signal, ��� is the fluorescent decay signal, � is the combined 

linear gain of the PMT and the transimpedance amplification, �!"�# is the transient due to 

gating, �� is the combined total of random noise (e.g. thermal, shot, and 1/f noise), and 

�$%����, �� is the error due to the gain not being constant with respect to time because of 

the gating of the PMT. Let us assume that �$%����, �� takes the form &����������, where 

& then represents the time-based variation of the gain. This assumption is based on the 

fact that the gain of a photomultiplier tube is linearly proportional to the voltage gradient 

between its dynodes. When the voltage gradient is changed due to gating, then a time 

dependent gain term is obviously introduced. If there is any ripple in the gating, then the 

time dependence of the gain will continue as long as the ripple. The time dependent gain 

is what is represented by the &��� term. 

 

2) Equation 1 can now be re-written as 

 

����� � ������'�  �&���(  �!"�#���  �����. 
 

3) If we assume that the white noise can be completely averaged out and we set the 

excitation input signal, ���, to zero then we obtain 

 ��)(�) = �!"�#(�). 
 

4) If we excite the sample several times and average the data assuming the noise is 

random noise, then we obtain 

 ��))(�) = 	 ���(�)'� + �&(�)( + �!"�#(�), 
 

5) and subtracting ��)  from ��)) we obtain 

 ��))) = ���(�)'� + �&(�)(. 
 

Figure 2.3 shows this process applied to averaged Tris(2,2’-

bipyridyl)ruthenium(II) data where the noise is assumed to be completely random. The ���(�)'� + �&(�)( term already very closely resembles an exponential decay. Assuming &(�) is negligible, then we can model the output signal as ��))) = �*+, -⁄  where ��� =*+, -⁄ . The precise value of � is unknown, however, it is not necessary to know in order 

to obtain �, the lifetime, and a simple calibration step can be used so that α can be 

precisely correlated with dye concentration. Fitting an exponential decay to the resulting 

signal using Non-Linear Least Squares (Trust-Region-Reflective) algorithm yields the 

result shown in Figure 2.4. The measured lifetime is within a factor of two of that 

reported in the literature [5]. 
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Figure 2.3 Subtracting of PMT Gating Transients to Obtain Fluorescent Decay Data. 

  

 
Figure 2.4 The Fitted Fluorescent Exponential Decay of Ruthenium. 

 

If we can obtain 1 + &(�) then this can be divided out of equation 5 to obtain a 

more accurate result. We cannot obtain 1 + &(�), but we can obtain 011 + &(�)2, where 0 is an unknown constant. Recall that 1 + &(�) is a time varying term that is due to the 

PMT gain not being constant with respect to time.  011 + &(�)2 can be measured by 

using a constant brightness excitation source and then recording the transient response 

when the PMT is gated on. Figure 2.5 shows the averaged instrument response to 
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constant intensity after subtracting the averaged quiescent (no excitation) gating 

response. 

 

 
Figure 2.5 Instrument Response to Constant Intensity. 

(The gating transients have been subtracted.) 

 

It turns out that regardless of the how strong the constant intensity is, the relative 

normalized gain is always the same. By rewriting Equation 5 and dividing by 011 +
&(�)2 we obtain 

��)))) = ���(�)'� + �&(�)(011 + &(�)2 = ����(�)'1 + &(�)(011 + &(�)2 = �0 ���(�). 
 

Although � and 0 are unknown, we can still obtain the lifetime! Applying this procedure 

to the data from Figure 2.3 we can fit the lifetime data to a new curve shown in Figure 

2.5. 

 

 
Figure 2.6 Exponential Decay Fit of Tris(2,2’-bipyridyl)ruthenium(II). 

0

0.2

0.4

0.6

0.8

1

0.00E+00 1.00E-06 2.00E-06 3.00E-06 4.00E-06 5.00E-06 6.00E-06

G
a

in
 (

V
o

lt
s)

Time (Seconds)

Relative Gain With Respect to Time



31 

 

 

 In Figure 2.6 we see that by dividing by the 11  &���2 term, the initial intensity 

of the exponential decay has become statistically more uncertain, however, the lifetime 

(τ) has indeed become more certain based on the standard error. These results are 

consistent with the mathematical model: first, the certainty of the lifetime should improve 

when the gain error is eliminated and second, when the gain error is eliminated, an 

additional constant is inadvertently introduced that directly affects the initial intensity. 

 

2.3 INITIAL IMPROVEMENTS 

 

 The primary factors limiting the minimum lifetime that can be measured from this 

prototype are the overall bandwidth of the system, the speed that the LED light can be 

turned off, and the speed that the PMT can be gated on. A more detailed treatment of 

these factors and choosing design goals for a new instrument will be given later; 

however, some simple changes can be made to improve the 10MHz system. The 

bandwidth can be broadened, the LED can be set to turn off as fast as the signal generator 

is capable of turning it off, and the gating of the PMT circuit can be improved. By reverse 

biasing the LED, it was found that a turn off time of about 10ns could be achieved using 

the signal generator. Current feedback amplifiers were used for the transimpedance 

amplifier (THS3201 from Texas Instruments) and two additional amplifiers (THS3201) 

were used to further amplify the voltage signal in an effort to achieve a 200MHz 

bandwidth.  

Figure 2.7 shows the changes that were made to the PMT original gating circuit 

developed by Molchanov in 2006 for LIDAR and RADAR applications [6]. A gating p-

type FET, Q1, with about half of the capacitance of the previous FET was used. R16 was 

shorted so that when Q1 is gating on, the voltage to each of the gating lines can be raised 

to zero very rapidly. This generates a large positive voltage transient forcing dynodes D1, 

D3, and D5 to a less negative voltage and thus, forward biasing the PMT. L1, L3, and L5 

were bypassed by the gating circuit so that the transient could pass more rapidly to the 

dynodes. C2, C3, and C4 were increased from 100pF to 0.01uF so that a larger transient 

would propagate through the capacitors to the dynodes (more overall gain). Furthermore, 

by changing R16 to 100k, a larger time constant is achieved �2345678), where 45  is C2, 

C3, or C4 and it is assumed that L1, L3, and L5 effectively create an open circuit during 

gating. The time constant is then 62.8µs, and a 3µs pulse should provide a relatively 

constant gain for the duration of the pulse. With some tuning of R18 and R20, a turn-on 

time of about 10ns was achieved when the gating transient was subtracted from the 

fluorescent signal. 

It is expected that the detectable lifetime based on these improvements is about 

8ns which is limited by the turn-off time of the LED and turn-on time of the PMT. In 

other words, about 2.5 lifetimes of the decay signal can be lost due to the excitation of the 

LED and the PMT gating while still being able to obtain the lifetime of the decay. This 

fact was validated by taking fluorescent decay data and a theoretical basis for why 2.5 

lifetimes of the decay can be discarded while still being able to fit the decay data to an 

exponential decay curve will be derived in Chapter 4. 
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Figure 2.7 Changes to the PMT Gating Circuit. 

The changes made to increase gating speed are marked in red. 
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2.4 INCREASING THE BANDWIDTH 

 

 At a bandwidth of 10MHz (and assuming a single pole frequency response), the 

fluorescence measurement system introduces an artifact in the form of an exponential 

decay with a time constant of 1/(2π*10
6
) = 15.9ns. In order to detect 8ns decay time 

constants, it is necessary to increase the bandwidth of the detector together with the 

amplification and filter circuitry. The R9880U-20 Photomultiplier Tube by Hamamatsu 

has a rise time of 0.57ns. Fall times about three to ten times the rise time are typical of 

dynode chain PMTs. Assuming a fall time of 4*.57ns = 2.28ns, this PMT has a 

bandwidth of approximately 0.35/(2.28ns) = 154MHz. We should be able to increase the 

bandwidth of the transimpedance amplifier and voltage amplifier circuits to close to 

200MHz while minimally distorting the data. Using operational amplifiers, a reasonable 

bandwidth using the THS3201 is about 200MHz. Even higher bandwidths can be 

achieved, but distortion due to the PMT and asymmetric rise and fall times will become 

more pronounced. 

 Figure 2.8 shows the amplification and filter circuitry that was used in the 

200MHz system. IG1, R9, and C3 represent the PMT output current, output resistance, 

and output capacitance respectively. C1, C2, and C4 represent the parasitic capacitances 

of R2, R3, and R7. Each stage is impedance matched to minimize transmission line 

reflections. This was done because it was convenient to use evaluation test boards. Using 

ideal operational amplifier theory, it is easy to show that the theoretical gain of this 

circuit is 4800. The theoretical cutoff frequency is approximately 1/(2π*200fF*600Ω) = 

1.3GHz (the dominant pole). 

 

 
Figure 2.8 A Simulated Transimpedance and Voltage Amplifier Circuit. 

 

 Figure 2.9 is a simulation of the magnitude of the circuit in Figure 2.8. The 

simulated gain is 6000 and the cut-off frequency is 240MHz. The discrepancies in gain 

and cutoff frequency can be attributed primarily to the fact that these are current feedback 

amplifiers which suffer from more non-idealities than voltage feedback amplifiers. 

However, current feedback amplifiers are capable of significantly higher bandwidths and 

less distortion at high frequencies [7]. Typically, current feedback amplifier based 
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designs need to be tuned after they are built in order to obtain clean results. 

Manufacturers always recommend that very specific resistor values be used to obtain 

minimally flat responses. Since current feedback amplifiers are rarely used as 

transimpedance amplifiers, additional tuning may also be required depending on the 

circuit topology. 

 

 
Figure 2.9 The Simulated Magnitude Plot of the Circuit in Figure 2.8. 

 

 The circuit schematic of Figure 2.8 was implemented using evaluation boards 

from Texas Instruments [8]. Figure 2.10 shows the measured gain versus frequency. The 

achieved gain is slightly lower than predicted by simulation and the -3dB bandwidth is 

actually 80MHz, not 240MHz. These discrepancies are likely due to parasitic electrical 

elements. To a first order approximation, the filter circuitry will introduce an artifact 

exponential decay term with a lifetime of 1/(2π*80MHz) ~ 2ns. 

 

 
Figure 2.10 The Measured Magnitude Plot of the Circuit Based on Figure 2.8. 

 

2.5 MEASURING THE LIFETIME OF ETHIDIUM BROMIDE 

 

 Deuterated ethidium bromide bound to DNA in an aqueous buffer has been shown 

to have lifetimes of approximately 20.8ns in the literature [9]. The 10MHz amplification 
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circuitry of the original, partial instrument described at the beginning of this chapter was 

replaced by the wider bandwidth circuitry with the schematic shown in Figure 2.8 and 

was used to measure the lifetime of ethidium bromide under similar circumstances. 

Following the same procedure as developed for measuring the lifetime of ruthenium, the 

lifetime of ethidium bromide was found to be 7ns (Figure 2.11). This measurement is 

reasonable considering that quenching, pH, solvent, and other factors can change the 

lifetime that is measured. Gain correction was again applied and the results were shown 

to be statistically reasonable. 

 

 
Figure 2.11 Fluorescence Decay of Deuterated Ethidium Bromide Bound to DNA. 

 

 The first part of the exponential decay data is invalid and must be discarded 

before fitting the data to an exponential curve. Figure 2.11 clearly shows that about 2.5 

lifetimes of the exponential decay data had to be discarded. Data was also discarded for 

ruthenium, however, ruthenium has a very long decay and only a small fraction of the 

decay time was invalid. The initial data is invalid because there is a finite amount of time 

that the photomultiplier tube requires to turn on and there is a finite amount of time that 

the LED needs to turn off (10ns each in this case). The times were overlapped by about 

3ns so that only the first 17ns needed to be discarded. 

 This technique raises the question as to what kind of distortion, if any, can be 

expected from the LED with respect to the fluorescence exponential decay. The answer, 

as will be derived in Chapter 4, is that the distortion is negligible if the LED is 

completely off for the remainder of the fluorescent decay. This is because the resulting 

“extra” fluorescence from the LED generates an additive term to the original fluorescent 

decay and when this term has completely decayed, the remaining intensity is from the 

original exponential decay as if the LED had not been exciting the sample while turning 

off. The only remaining artifact manifests itself as a change in the initial intensity. 
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CHAPTER 3 A BLOODBORNE PATHOGEN DETECTION 

INSTRUMENT 

 
 

 Over the years, our research group has developed a number of instruments. One 

specific type of instrument uses interference optical filters and sinusoidal LED excitation 

to measure fluorescent signals over a narrow band (~10 – 30 nm) of the spectrum defined 

by the filters [1-14]. A notch interference filter having cutoffs with an optical density ~ 

10
7
 is matched to the peak fluorescence of dyes or intrinsic fluorophores in a sample and 

an LED is matched to the absorption spectrum of each of the dyes and fluorophores. The 

LED excitation must also be filtered because the low energy tales of the LED spectrum 

usually overlap with the fluorescent band generating substantial background. This 

configuration makes for an extremely sensitive device capable of detecting femtomolar 

dye concentrations. The primary limitation is introduced by the background excitation or 

by the fluorescence of the material used to build the optical chamber. Where the 

fluorescence of the material is sufficiently low, the scattering dominates because, despite 

perfect optical configurations, a certain amount of excitation light still scatters back into 

the detector. Many other contemporary instruments use the same scheme in terms of 

optical filtering to measure the fluorescent signal from samples [10]. Sinusoidal 

excitation simplifies the elimination of background noise because a frequency can be 

optimally selected to avoid sunlight, room lights, 1/f (pink) noise, noise due to switching 

regulators, and other noise sources. 

We have recently developed a vastly improved instrument intended for in-the-

field bloodborne pathogen detection. The electronics of the instrument have been 

improved over previous instruments in a number of areas.  A high power, stable, and 

tunable LED driver and a stable, highly granular, and programmable control voltage for 

the photomultiplier tube gain has been developed. The passband of the circuitry is easily 

tunable to over 200kHz with minor modifications (swapping parts and a minor firmware 

change) to allow for future upgrades. Diagnostic circuitry has also been added allowing 

the instrument to self-diagnose problems and to report symptoms and recommendations 

to users and technicians. In this chapter, the operation of the instrument is summarized 

and the LED driver and other features of the instrument regarding design, simulation, and 

implementation are discussed. 

 

3.1 THEORY OF OPERATION 

 

 The instrument was developed for maximum sensitivity and works as follows: 

first, a self-contained hand-held disposable is used [15,16] to consolidate and bind 

pathogens from fresh whole blood to two quartz windows and then to label the pathogens 

bound to the windows with fluorescent dye. Once the impurities on the windows are 

removed, the sample is interrogated by a light source to cause the dyes to fluoresce. The 

fluorescence is collected by a detector, amplified, filtered, sampled, and finally analyzed 

to determine the pathogenic content of the blood sample in question. 

 There are two types of disposables referred to as disposable bubble-flow devices 

(DBFD). Each device uses ligand-binding assay technology to capture and label 

infectious agents in the blood. The DBFDs maximize the fluorescent signal that will be 
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observed by efficiently binding and dye labeling infectious agents over two wide quartz 

surfaces (about one inch in diameter) and by filling the gap between the surfaces with a 

refractive index matched solution. Figure 1 shows a prototype of a DBFD. 

 

 
Figure 3.1 A Disposable Bubble-flow Device. 

This device performs efficient pathogen binding  

and dye labeling from fresh, whole blood. 

 

The first DBFD is intended to indiscriminately capture and label all infectious 

agents to provide rapid diagnostics for emergency transfusions. The second is intended 

for clinical diagnostics and selectively captures and labels eight different pathogens: 

HIV-1 (human immunodeficiency virus-1), HTLV-1 (human T-lymphotrophic virus-1), 

HBV (hepatitis B virus), HCV (hepatitis C virus), Plasmodium falciparum (causative 

agent of malaria), Leishmania spp. (causative agent of leishmaniasis), infectious prions 

(not a microorganism, but causes a neurodegenerative disease), and Babesia spp. 

(causative agent of babesiosis).  The complete design is described in work from Okarski 

(2015) [15,16].  

After pathogen capture in the DBFDs, the quartz windows can then be 

interrogated with light. There are various light sources that can be chosen for this type of 

instrument. Because this is a hand-held instrument major considerations are size and 

power.  In order to reduce the size and cost of the instrument, the light source selection 

can be narrowed to LEDs and lasers. LEDs are more effective than lasers for this 

application primarily because the spectrum can be more precisely matched to the 

absorption spectrum of the fluorescent dye [17]. This allows all the different states of the 

molecules to be excited while achieving a higher output signal for less power. 

Additionally, artifacts due to photobleaching and spectral hole burning are minimized. 

One of the major drawbacks for using LEDs is that the light is not collimated. This is 

problematic because interference filters are used to select the specific energies of light 

from the LEDs to reduce the intensity that overlaps with the fluorescence spectrum of the 

dye. In addition, they are used to reduce the intensity of the scattered excitation light seen 

by the PMT.  Interference filters work optimally with collimated light and their 

performance is severely degraded if the light is dispersed. To cope with the problem, 

lenses were specified to help focus the light from the LEDs so that the light would be 

more collimated. Additionally, the light source is fully enclosed except for a pin hole to 

pass light at the end of the lens, further reducing the scattering of the light passing 

through the filter.  
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 The excitation source is used to excite the sample with nearly pure sinusoidal 

light [10]. Provided the frequency is low compared to the fluorescent dye lifetime, the 

sample will fluoresce with the same frequency as the excitation. The intensity at the 

given frequency can easily be extracted from the background due to noise and ambient 

light by using Fourier transformations. The fluorescent light from the sample is also 

scattered [10]. In order to minimize the background, the light first passes through a 

Fresnel lens that gathers and collimates as much light as possible. The nearly collimated 

light then passes through another interference filter to further attenuate any scattered 

light. Finally the light is focused using an additional Fresnel lens evenly across the 

cathode of a photomultiplier tube. Figure 3 illustrates the process. 

 

 
Figure 3.2 An Illustration of the Optics. 

 

 A photomultiplier tube was chosen as the detector because of its superior noise 

characteristics and gain. The H7826-01 PMT by Hamamatsu was selected for this 

instrument. It allows the gain to be adjusted externally using a control voltage from 0.6V 

to 1.1V. The gain can then be adjusted together with the excitation brightness in order to 

achieve an optimal signal-to-noise ratio (SNR). Provided there is no scattering from the 

excitation source, the signal-to noise-ratio will improve simply by increasing the signal 

and decreasing the gain of the detector. If there is significant scattering, the scattering 

will increase proportionally with increased LED intensity preventing the signal-to-noise 

ratio from improving. In practice, there is an optimal light level and an optimal gain. This 

is likely due to scattering of the excitation light and additional thermal noise being 

generated by the LED because of the elevated temperature of the active region of the 

LED with increased output. 

 The current output of the photomultiplier tube is then passed through a 

transimpedance amplifier and then through a bi-modal tenth order Chebyshev bandpass 

filter. The frequencies of the filter are set to 3kHz and 31kHz. A bi-modal filter was 

selected so that two fluorescent dyes could be interrogated simultaneously using two 

excitation sources at two frequencies. The Fourier transform can then be used to measure 

the intensity contribution for each frequency. A Chebyshev filter was chosen to increase 

the Q of the filter and to reject energy from other frequencies. The filter was made bi-

modal to reject frequencies between the two passbands. This has a subtle advantage over 

simply making the passband wide enough for both frequencies. By rejecting noise and 

interference from the frequency band in the middle, the excitation source can be made 

even brighter without saturating the electronics. This is because noise and interference in 
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the center band will intermittently push the signal higher/lower. If the dominant 

sinusoid’s peak/trough value is close to the maxaimum/minimum of the operational 

amplifiers, then the noise can create distortion by saturating the electronics. 

 After the signal is filtered, it is passed to an ADC for sampling through a fully 

differential operational amplifier. The differential amplifier performs two functions: it 

adds together the 3kHz and 31KHz outputs of the bimodal bandpass filter and makes the 

signal differential. Modern ADCs nearly always require differential inputs. This is 

because the ADCs have digital circuitry in very close proximity with analog circuitry. By 

making the analog signal differential, digital noise appears on both the positive and 

negative analog signal lines, but the difference remains the same and the signal can still 

be faithfully recovered. The instrument was designed so that it can easily be modified to 

process frequencies as high as 200kHz. It is common practice to sample at five to ten 

times the Nyquist frequency because noise in the stop band can still be aliased back into 

the passband distorting the signal. The AD9243ASZ ADC from Analog Devices Inc. with 

a sampling frequency of up to 3MHz was selected to sample the signal. 

 Once the signal has been sampled it is passed to the BF537 digital signal 

processor by PHYTECH Technology Holding Company for processing. The Fourier 

transform of the data is taken and the signal is integrated over a narrow part of the 

frequency bands centered at 3kHz and 31kHz. The integration bounds are selected by 

estimating the noise floor on each side of each peak in the Fourier transform. 

 A calibration step is necessary before a sample can be measured. The calibration 

step allows a measurement from a sample to be adjusted due to environmental changes 

(e.g. temperature, humidity) and compared to the background. These changes manifest 

themselves as an adjustment to the overall gain of the instrument. It is assumed that by 

taking a measurement from a DBFD disposable filled with distilled water that all the 

necessary elements of the background can be captured. Distilled water cannot be used in 

the field because it is not robust to the environment. For example, the disposables must 

be stored at freezing temperatures and a distilled water standard would have water 

between the quartz slides that would expand and break the DBFD. To account for 

changes, measurements from an additional DBFD referred to as the standard are 

necessary. The standard is filled with a solid such as crushed aluminum or metal coated 

microspheres that will not change with the environment within the specified operating 

range; however, the standard does not reflect the background and can even give higher 

readings than a positive sample. The calibration is performed by measuring the means 

and standard deviations of a distilled water disposable and the standard over a brief 

period of time so that the environment is the same during calibration. 

 Just before a sample is measured in the field, the standard is measured once again. When 

the sample is measured, the mean is adjusted by using the ratio of the standard 

calibration mean to the standard in-the-field mean. The ratio is then multiplied by the 

sample mean to adjust the mean relative to the background calibration mean measured 

with distilled water. If the sample mean is two standard deviations above the distilled 

water mean, then a pathogen is detected. 
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3.2.1 A VERSATILE, STABLE, HIGH POWER LED DRIVER 

 

 In-the-field fluorescence instrumentation requires stable excitation. Unfortunately, 

LEDs are highly sensitive to temperature and slowly degrade in intensity with use which 

is exacerbated as the average current through the LED is increased. The ambient 

temperature is not nearly as detrimental as the self-heating of the LED. The internal 

temperature of the LED can easily reach temperatures as high as 100°C [18]. Simple 

techniques using only a resistor exist to reduce temperature dependence for constant 

excitation; however, these techniques rely on balancing changes in the forward voltage 

with the driving current [18]. High power, sinusoidal excitation operates over a wide 

range of the LED current-voltage relationship. 

 

3.2.2 Specifications for the Driver 

 

 A new LED driver was specified for optimal fluorescence excitation. The driver 

needed to be programmatically tunable so as to automate optimization, capable of 

delivering up to 0.5W of power to a wide range of LEDs thus inducing a clean sinusoidal 

output on the LED, easily to modify to change the frequency up to 200kHz, and as 

temperature insensitive as possible. These specifications require a flexible design. The 

design for a stable reference signal will first be described. The reference will be used to 

drive a basic feedback loop intended to stabilize the LED output. 

 

3.2.3 Reference Design and Microcontroller and DAC Selection 

 

 In order to drive a stable, purely sinusoidal signal on an LED, a stable sinusoidal 

reference must first be generated. As the driver board design is intended to be modified 

up to frequencies of 200kHz, the selection of the microcontroller, digital to analog 

converter (DAC), and filter circuit topology will be considered accordingly. 

 The dsPIC33EP512MU810 by Microchip Technology Inc. was selected as the 

microcontroller for this application because of its instruction execution clock speed of 

70MHz, 16-bit ports, and relative ease of programming. The DAC8822QCDBT by Burr-

Brown Corp. (acquired by Texas Instruments Inc.) was selected as the DAC because of 

its parallel 16-bit input port, speed, accuracy, and because it integrates two DACs onto 

the same chip with simple controls to “clock in” the desired output voltage for each DAC. 

As the required maximum sinusoidal output frequency is 200kHz, it is useful to 

know how rapidly the DAC can be switched from one level to another. This involves the 

microcontroller clock speed, the requirements of the instructions for the DAC, the output 

signal bandwidth, and the method/algorithm used on the microcontroller. The DAC 

limitations will be considered first. The input for the DAC consists of a 16-bit port and a 

few lines for communication. Only the requirements for driving signals out on the DAC 

will be considered as other capabilities, such as reading the DAC registers, are extraneous 

for this application. The basic operation of the DAC is as follows: the16-bit port is read 

into one or both input registers for each internal DAC. This data is then clocked into the 

DAC output registers.  

As the DAC is current output (which is far more common than voltage output 

DACs), the output requires an external, precision transimpedance amplifier to produce 
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the output voltage. The DAC has built-in resistance with an equivalent parallel resistance 

of 5kΩ intended to operate in the feedback path of a transimpedance operational 

amplifier in order to generate the desired output voltage. An external 18pF capacitor is 

placed effectively in parallel with this resistance, setting the bandwidth of the output to 

approximately 1/(2π*5kΩ*18pF) = 1.7MHz and reducing overshoot. The actual speed 

that the DAC is switched should be limited by the bandwidth of the output stage. A 

reasonable delay time would be to wait five time constants for the output to settle before 

changing the input, i.e. 5*RC = 5*5kΩ*18pF = 0.45µs which reduces the operating speed 

to 1/0.45µs = 2.2MHz. This implies that to achieve 200kHz, the DAC will be able to 

output a maximum of 2.2MHz/200kHz = 6 points per period. More points can actually be 

used because the rising/falling edge due to a step response is initially faster before the 

edge slows down as the final value is approached, however, six points is a reasonable 

estimate and should be adequate for the driver. To generate a clean, sinusoidal 200kHz 

signal from this input would obviously require a relatively high-q filter to clean up the 

higher order harmonics that would be generated. 

The speed of the DAC can be further improved since it can be operated in a 

transparent mode that bypasses the input register. The setup and hold times for the output 

register have a combined time of 20ns, making it possible to pass data at speeds of about 

1/20ns = 50MHz. 50MHz is clearly fast enough to keep up with the clock speed of the 

microcontroller. In transparent mode, the output value is not actually clocked-in. This 

could create spurious signals on the output when the input lines are being changed. 

However, by using a 16-bit port, all bits can be changed simultaneously reducing 

spurious signals only to those generated by the new value propagating through the digital 

logic internal to the DAC. Transparent mode operation is actually very important despite 

the switching speed of the DAC being limited to about 2.2MHz. This is because it will 

reduce the number of instructions required by the microcontroller saving valuable clock 

cycles for other instructions. 

From the previous discussion of the DAC, a list can now be developed for the 

instructions that will be required for a particular implementation on the microcontroller. 

First, let’s assume that 16 points can be used for 31kHz and slower since 

(200kHz/31kHz)*6 > 16. One approach is to store 16 points in memory that approximate 

16 equidistant points spanning one period of a unity amplitude sine wave. Another device 

can then communicate with the microcontroller to specify the actual amplitude and 

simply multiply each point in the sine wave by the new amplitude. The new points are 

then stored in an array that will be used to set the DAC output. Clearly, some constant 

current offset will be applied to account for the offset required to drive the LED. This is 

at least equal to the amplitude, but additional offset is necessary to maintain reasonable 

linearity in the LED output as the amplitude is increased. 

Once the DAC is placed into transparent mode, only a few instructions are 

required to load the output port of the microcontroller. The code used to implement this is 

shown below: 

 

void _ISRFAST _T1Interrupt() 

{ 

    if(t1loop>15) t1loop = 0; 

    //Reset the timer interrupt flag 
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    IFS0bits.T1IF = 0; 

    LATB = outputWave16[t1loop]; //Loads the DAC output into the latch of 

PORTB 

    t1loop++; 

} 

 

The maximum number of instructions will be equal to at least five at the assembly code 

level. The counter variable, tloop, is used to iterate through the array containing the 

values for each point of the signal and is defined as a global variable in order to reduce 

clock cycles required in the interrupt service routine (ISR). 

To determine the precise number of clock cycles is cumbersome as it depends on 

the assembly code implementation and the number of clock cycles required per 

instruction. For discussion, let us assume that two clock cycles are required per 

instruction. Furthermore, the timing for each point is based on a timer interrupt. The 

dsPIC33EP512MU810 microcontroller has “shadow” registers in its processor that can be 

used for interrupt service routines (ISR) to eliminate the need to push and pull all the 

values in the microprocessor registers onto and off of the stack, greatly reducing the 

number of clock cycles required to enter the ISR. If local variables are kept to a 

minimum, the ISR can be entered and exited very quickly. Again, for discussion, let’s 

assume that 20 clock cycles are required in total to enter and exit the ISR. Thus a total of 

approximately 30 clock cycles are required to execute the code. At an instruction 

execution clock frequency of 70MHz, the maximum frequency for updating the sine 

wave is then 70MHz/30 = 2.7MHz. It is clear from the previous discussion that with 

careful coding practice, the desired frequency of 200kHz can be achieved, but with 

perhaps fewer than 16 points. Furthermore, the timer interrupt can be eliminated, if 

necessary, to speed up the rate that the DAC can be updated at the costs of not being able 

to stop the waveform at any point in the cycle and also not having the convenience of the 

timer to set the frequency. For the implementations being used, frequencies of only 3kHz 

and 31kHz were required and were easily achieved by the current design. 

After the output of the DAC, the signal bandwidth is narrowed using an 8
th

 order 

Butterworth filter. By narrowing the band, the energy will mostly be focused at the 

desired frequency and the resulting fluorescent signal will also be found at the same 

frequency. Figure 3 shows the filter circuitry used to narrow the frequency band of the 

reference signal for the 31kHz case. The Sallen-Key topology was chosen because a 

Butterworth or a Chebyshev filter can be realized by only adjusting component values 

[19]. This is desirable because future implementations of the instrument may require a 

high Q Chebyshev filter for a 200kHz signal since the signal may not have as many 

points to approximate a sine wave.  The filter implementations used for 3kHz and 31kHz 

was a Butterworth implementation and cutoff frequencies of 1kHz and 10kHz (for 3kHz) 

and 10kHz and 100kHz (for 31kHz) were used.  
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Figure 3.3 A 31kHz Eighth Order Butterworth Bandpass Filter. 

 

Butterworth filters were chosen in order to reduce the temperature dependence of 

the output signal on the components that were selected. Butterworth filters have a 

maximally flat bandpass implying that the amplitude remains close to unity until the cut 

off frequency is approached. Figure 4 (right) shows a transient analysis simulation of the 

output when the circuit is stimulated by a trapezoidal input. The magnitude of the transfer 

characteristic is shown in Figure 4 (left) and is very close to unity at 31kHz. If the cutoff 

frequency shifts due to the temperature coefficients of the resistors and capacitors, the 

amplitude at the frequency of interest will remain almost constant. With the exception of 

the final stage, the resistors in the schematic were selected to have a temperature 

coefficient of 100ppm/°C and all the capacitors were selected to have a temperature 

coefficient of 30ppm/°C (NP0). It was observed in simulation that at the center frequency 

of about 31kHz, the magnitude did not change by more than 1% by using the component 

values that maximally shift the cutoff frequencies over a 50°C range. 

 

 
Figure 3.4 The Simulated Response of the Filter in Figure 3.3. 

Left – The Frequency Response of the Filter.  

Right – The Transient Response of the Filter to a 31kHz Trapezoidal Input Signal. 

 

In the last stage, the 2.3kΩ resistors were selected to have a temperature 

coefficient of 10ppm/°C and the 4.6kΩ resistor, which balances bias currents to 

minimally offset the output voltage, was also selected to have a temperature coefficient of 

10ppm/°C. This is because these resistors directly affect the DC offset of the output 
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signal due to bias currents. This DC offset will be applied to the LED and can severely 

degrade the temperature stability of low intensity signals if it shifts much with 

temperature. For the OPA2613 by Texas Instruments, the input offset current is equal to 

.75µA+.007µA/°C = 1.1µA over a 50°C temperature range. Thus with 10ppm/°C 

resistors, a DC offset voltage drift of 4.6kΩ*1.1µA – (4.6kΩ – 4.6kΩ*10
-6

*50°C)*1.1µA 

= 2.5µV can be expected. Since the DAC is 16-bit allowing for voltage differences as 

small as 4V/(2
16

-1) = 61µV, (where 4V is the reference voltage for the DAC), a DC offset 

voltage of only 2.5µV is necessary. A larger offset voltage, for example 25µV, using 

parts with a temperature coefficient of 100ppm, could cause drastic changes to the LED 

output for small output signals. 

 

3.2.4 LED Driving Circuit Design 

 

 Two topologies were developed and one was selected to design the LED driver 

circuit. Figure 3.5 (top) shows the first topology. To simplify the analysis of this circuit, 

it can be compared to a basic feedback control system and the parts of the circuit matched 

to the system: 

 

1) 9� = 9:; + 9<; 
2) G[s] consists of U1 with its peripheral components R1, R2, R3, R4, and C1, and 

the transconductance gain implied by R6. 

3) H[s] can be estimated as the product of a proportionality constant relating �=> to �� 

and the transimpedance gain implied by R5.  

4) Assuming R2=R3=R4, R6 = 1Ω, and U2 is ideal 

 

?'�( = 61
62 ∗

1
1  ��61��41�

. 
 

5)  Assuming U3 is ideal and �=> = ��� where lambda is a proportionality constant 

representing the efficiency of the LED and the quantum efficiency of the 

photodiode, 

 A'�( = � ∗ 65. 
 

6) Assuming H[s]G[s]>>1 then solving for �� in the system diagram of Figure 3.5 

(bottom) yields 

 

�� = 9� ?'�(
1  A'�(?'�(

≈ 9�
1
A'�(

. 
 

7) Thus, 

 

�� ≈ 9� 1
A'�(

� 9�
1

� ∗ 65. 
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Figure 3.5 An LED Driver Circuit. 

Top – An LED Driver Circuit Topology With Photodiode Feedback.  

Bottom – A Basic Control System Loop to Aid in the Analysis of the Circuit. 

 

 To keep this system stable, C1 would need to be selected such that the pole in 

G[s] dominates all other open loop poles in the system. To be more precise, the pole 

needs to be set to 20log(R1/R2) decades before the 2
nd

 most dominant pole in order to 

achieve a phase margin of 45 degrees assuming no other poles are close to the 2
nd

 most 

dominant pole.  The most important pole to consider is the one introduced by U2, R6, and 

the LED. The resistance of the LED can be estimated at its test current. Many high power 

LEDs are tested at about 350mA. The forward voltage of LEDs varies anywhere from 

about 1.9V to 4.1V depending primarily on the center output wavelength. This gives 

resistances from about 5.4Ω to 11.7Ω. Unfortunately, the LEDs will be operated in 

various modes depending on the sample being interrogated. This means that these are 

minimum resistance values. Typical capacitances for high power LEDs are frequently on 

the order of about 1nF around their operating point. At very low currents, the resistance 

through the LED will be substantial and, in practice, the resistance and capacitance of the 

LED makes this circuit difficult to stabilize. 

A short discussion on temperature stability for this circuit is helpful and much of 

the conclusions are applicable to the second topology. First, the reference signal, 9�, is 

required to be stable with respect to temperature. The open loop gain of U1 is very high 

which means that in the closed loop state the open loop gain will almost entirely be 

canceled out. The remaining term in the closed loop equation for the gain of U1 (the 

feedback factor) is almost entirely dependent on the external components. 

The overall feedback for the photodiode must also be considered with respect to 

temperature. From basic control theory, if G[s]*H[s] is sufficiently large, then the 
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variation of the output on temperature will be entirely dependent on H[s]. Since H[s] is 

determined by the photodiode, U3, and the gain of 9=> through U1, then these parts of the 

circuit must be designed to minimize variation due to temperature. If U1 and U3 are 

operated such that the outputs never approach the rail voltage, then the temperature 

dependence of the operational amplifiers themselves will be divided out due to their very 

high open loop gain. The feedback factor (once again) depends entirely on the external 

components of the operational amplifiers. All the resistors can easily be selected to have 

temperature coefficients of 10ppm/°C. By choosing an NP0 capacitor, the temperature 

coefficient can be reduced to 30ppm/°C. UV enhanced silicon photodiodes tend to have 

temperature coefficients on the order of 100ppm/°C and are likely the best choice [20]. 

The second topology is shown in Figure 3.6. It is useful to first consider this 

circuit without U2. In this case 

 

8)  

 

−9=> = 65 ∗ �=> ∝ �� = 9� − 9:6: . 
 

Thus, the feedback includes the voltage 9: which is a nonlinear term. Now, including U2, 

this nonlinear term is subtracted from the feedback as follows: 

 

9) Assuming R2=R3=R4 and letting 9� = 9:; + 9<;, 
 

9� = 6162 19� − 9=>2 + 9:. 
 

10) Thus, 

 

−9=> = 65 ∗ �=> ∝ �� = 9� − 9:6: =
61
62 19� − 9=>2 + 9: − 9:6: =

61
62 19� − 9=>26: . 

 

11)  Assuming �=> = ���	where lambda is a proportionality constant representing the 

efficiency of the LED and the quantum efficiency of the photodiode, setting 6: = 1, and again relating the circuit to Figure 3.5 (bottom), 

 ?[�] = 6162 ∗ 11 + ��61��41�, 
 

12) A[�] = � ∗ 65, and since by solving for �� in Figure 3.5 (bottom) 

 �� = 9� ?[�]1 + A[�]?[�] ≈ 9� 1A[�] 
 

13) Then 
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�� ≈ 9�� ∗ 65. 
 

 
Figure 3.6 A second LED driver circuit topology with photodiode feedback. 

 

 The feedback loop through U2 may appear to be positive, but it is actually 

negative. If we consider the circuit without U3 and 9�, then 9: shows up at the output of 

U1. This means that the current through Rd equals zero and 9: will rapidly be driven to 

zero. If we apply 9� and consider an intermediary state before equilibrium, then at first 9� = 9�. Next, the voltage at the anode will begin to rise. Just before equilibrium, the 

voltage at the anode will reach 9:∗ which is lower than the steady state voltage 9:. Next, 9� = 9� + 9:∗, but  the anode voltage is 9:. The voltage difference across Rd is then 9� + 9:∗ − 9: = 9� + Δ9:. Thus, the feedback loop through U2 applies negative feedback 

to shrink the voltage difference, Δ9:, to zero, but does not set 9: as that is done by 

applying 9�. To keep this feedback loop stable, it is required that if there is a phase shift 

in 9: from the anode of the LED to the output of U1 that is large enough to generate 

positive feedback, then the feedback gain must be less than one.  This is easily 

accomplished by using R1 and C1 to set a dominant pole. This will prevent noise in the 

loop from driving the system to instability. Finally, considering the feedback loop due to 

the photodiode and U3, stability is achieved by the same dominant pole. Thus, by 

adjusting C1, stability is easily achieved. Estimating C1 at the design stage is problematic 

because there are various poles in the system. Perhaps the most difficult part is the pole 

associated with the LED which moves around with the bias and is at a relatively low 

frequency for low currents due to its high resistance. If the pole is estimated assuming a 

forward voltage of 3V, a current of 10mA, and a capacitance of 1nF, then the LED 

introduces a pole at 530kHz which, given an open loop gain of 100 would require the 

compensation pole to be at about 5.3kHz. 
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3.2.5 LED Driver Simulation 

 

 The driver was simulated using a free version of TINA spice called TINA TI. 

This version of TINA spice has a very complete library of operational amplifiers from 

Texas Instruments with models recommended by Texas Instruments. The photodiode was 

simulated by using a current controlled current source. An LED from the TINA spice 

library was chosen for the simulation. Figure 3.7 (bottom) shows a transient analysis with 

a sinusoidal excitation of the closed loop system. Figure 3.7 (top) shows the frequency 

analysis. The value for the dominant pole capacitor was chosen to be 1nF in simulation 

which gives an open loop cutoff frequency of 1.57kHz. Given an open loop gain of 100, 

one would then expect the closed loop cutoff frequency to be at about 157kHz. The cutoff 

frequency for this simulation is at about 85kHz which is reasonably close to the estimate. 

The closed loop magnitude is far below unity long before the phase shifts by more than 

90°. The phase for Figure 3.7 (top) starts at 180° because the signal is inverted by the 

input stage. 

 

 
Figure 3.7 The Simulated Response of the Circuit in Figure 3.6. 

Top – The Frequency Response of the Circuit.  

Bottom – The Transient Response of the Circuit.  
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3.2.6 LED Driver Implementation 

 

 The LED driver was implemented using PCBArtist schematic capture and layout 

software by Advanced Circuits. Figure 3.8 shows the portion of the circuit that actually 

drives the LED and the associated connector (J6) that drives the signal to the LED and 

receives the feedback signal from the photodiode. In the figure, the label “Anode” is next 

to the wire that goes to the connector and then to the anode of the LED. The cathode of 

the LED is actually connected to the -5V analog supply as shown in the connector. The 

feedback signal from the photodiode was given the name “PhDiode” in the schematic and 

ties to the cathode of the photodiode as illustrated in Figure 3.9. The anode of the 

photodiode is tied to ground. 

 

 
Figure 3.8 The Implemented LED Driver Circuit. 
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Figure 3.9 The Components on the LED Daughter Boards. 

 

 The driving circuit was expanded from the original design in Figure 3.6 in order 

to accommodate various types of high power LEDs. First, the LMH6672 operational 

amplifier from Texas Instruments was chosen as the driving amplifier. This amplifier is 

high power and can achieve a closed loop bandwidth of 90MHz with a closed loop gain 

of two. It can drive at least 260mA for brief periods of time depending on the initial 

temperature and depending on internal heating. Unfortunately, the LMH6672 can require 

as high as 3.5V of both head and foot room for maximum current output swings. About 

2.5V has been observed in the implementation for the maximum current output. If the 

cathode of the LED is tied to ground as shown in the original design (Figure 3.6), then 

there will not be enough voltage available to drive the various LEDs required for the final 

instrument. UV LEDs frequently require forward voltages higher than 4V. A simple 

solution is to tie the cathode to the negative analog supply. A side effect of this is that the 

LED can no longer be turned off by the reference signal. The reference signal swings 

from -4V to 0V. Since the operational amplifier is configured in the inverting mode, 

positive references signals would be required to turn off the LED. Unfortunately, 0V is 

the highest voltage available due to limitations of the DAC implementation. To correct 

for this, an additional DC voltage is added to the signal through the resistor R76. When 

the reference is set to zero, the output of the driving amplifier in the LMH6672 chip will 

saturate at the lowest output voltage turning off the LED. With reference DC signals only 

as negative as -0.5V, the voltage offset through R76 is overcome and the driver will then 

operate normally.  

 The feedback circuitry was also modified from its original design to include an 

additional gain stage with a gain of ten. This was included to account for differences in 

LED efficiency, photodiode sensitivity with respect to wavelength, and differences for 

how the light is scattered into the photodiode based on the types of lenses required for 

each LED. Additionally, the transimpedance amplifier stage uses two metal foil 

potentiometers from Vishay with temperature coefficients of 10ppm/°C. One 

potentiometer performs the transimpedance amplification and the other potentiometer 

balances the bias currents of the OPA2690 operational amplifier by Texas Instruments. 

This amplifier was chosen primarily for its wide closed-loop bandwidth (about 200MHz 

with a gain of 2). The photodiode UV-005DQ by OSI Optoelectronics was selected 

because it exhibits excellent temperature characteristics relative to other photodiodes. 

Typical temperature coefficients for the UV-005DQ from 300nm to 900nm are less than 

100ppm/°C according to OSI representatives. 
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 The power to the LED Driver board was filtered using a common circuit 

illustrated in Figure 3.10 before sending it to the analog reference signal and LED driving 

circuitry. In this circuit the ferrite bead denoted by FB acts as a linear inductor at low 

frequencies, a resistor in series with an inductor at medium to high frequencies. At very 

high frequencies, capacitive effects begin to overcome the inductance. If the resistor 

capacitor branch is eliminated and only FB and C2 is included in the filter, then the 

circuit exhibits peaking at a frequency of 1/�23√42 ∗ H�. The series capacitor and 

resistor introduce a dominant pole at a lower frequency (close to 1/�23√41 ∗ H� if C1 is 

large relative to C2). The resistance serves to dampen peaking in the frequency response. 

C2 provides a low impedance path from the 5V supply to ground so that circuits that use 

the supply can operate at higher speeds. 

 

 
Figure 3.10 A Common, Effective Filter Network for Power Supply Lines. 

 

For a first order analysis, C2 can be omitted at relatively low frequencies because 

it is two orders of magnitude smaller than C1. Solving for the transfer function in this 

case yields 

 

14)   
 1 �41 ∗ H�⁄ + ��6 H⁄ �1 �41 ∗ H�⁄ + ��6 H⁄ � + �I. 

 

15)  The natural frequency is 

 J� = K�23 = 1/�23√41 ∗ H�. 
 

16)  The damping ratio is 

 L = 62K�H = 643J�H. 
 

The inductance for a ferrite bead can be estimated using the impedance curve in the 

datasheet for low frequencies (about 10kHz to 100kHz works well). The ferrite beads in 
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the design were estimated to have an inductance of about 1µH. There are at least two 

sources of noise that should be considered in the filter design. The first source consists of 

the switching noise generated by switching regulators and the second is the noise from 

the digital circuits. Switching regulators with high switching frequencies (about 2MHz) 

were selected so that the noise can easily be filtered out. The digital circuits operate at 

1MHz and above, so by setting the cutoff frequency to 10kHz, about 80dB of noise 

suppression can be expected since the filter is second order. 100uF ceramic capacitors are 

readily available. The circuit shown in Figure 10 sets the cutoff frequency to 12.6kHz and 

the damping ratio to 3.95. If the damping ratio is set greater than unity (critically 

damped), peaking will be eliminated in the frequency response. 

 

3.2.7 LED Driver Board Programming and Configuring 

 

 The microcontroller for the LED driver board was programmed to operate in one 

of two modes. The first is the calibration mode. To operate in this mode, a jumper is 

placed on the circuit board. In calibration mode, the LED pulses four times. The first 

pulse is the dimmest signal and the second signal is about 1.5 times brighter. The next 

two pulses are the brightest signal and another signal about 1.5 times dimmer. Before 

firmware is ready for a particular LED, some constants have to be set: lowest AC current 

amplitude, lowest DC current, a DC offset factor, and a proportional offset factor. Once 

the constants are determined for a particular LED, then each LED/driver board pair can 

be calibrated by simply adjusting the potentiometers. The DC offset factor is at least 

equal to the offset required to overcome that introduced to allow the LED to turn off 

through R74 (Figure 3.8). Additional offset may also be required depending on the 

minimum practical current that can be driven through the LED while still causing the 

LED to emit an appreciable amount of light. The proportional offset factor is used to 

proportionally add additional offset for larger amplitude signals. This was added because 

the LED operates more linearly with additional offset. Thus, for brighter signals, there 

will be additional offset, but the output signal will be much less distorted due to 

nonlinearity. A “#define” is used for each LED to set each of the desired constants 

depending on which LED is used. 

 The second mode in which the driver board can operate is a pulse mode. An 

external trigger is asserted to turn on the LED. The firmware is written such that the 

rising edge of the trigger generates an interrupt. The interrupt subroutine sets up a timer 

interrupt to begin driving the LED with a sinusoidal output. It also sets the interrupt to be 

triggered on the falling edge and sets the DAC to operate in transparent mode so that a 

single write command can change the DAC output. The timer goes off 16 times faster 

than the desired frequency and 16 points along the sinusoidal curve are set by the DAC. 

When the falling edge is received the timer is disabled, the interrupt is reconfigured for a 

rising edge, and the DAC is set to operate normally again where the data has to be latched 

into the output register before the voltage level will appear on the output. 

 When the driver board is operated in pulse mode, the desired amplitude can be set 

through the GPIO port of the board using the SPI protocol. 256 brightness levels can be 

selected where the amplitude of the signal can be increased by nearly three orders of 

magnitude (a factor of about 430). 
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3.2.8 Digital Control versus Analog Control 

 

 A brief explanation is warranted on implementing the LED driver system as an 

analog versus a digital control system. Some obvious differences between the 

implementations include the following: an analog-to-digital converter would be required 

for digital control (there is one included in the microcontroller) and a simple difference 

equation would also need to be implemented on the microcontroller. Using digital 

control, it would be more difficult to achieve a 200kHz output because the system is 

already limited to about 6 points for the DAC per period. Slow frequencies would still be 

fine. There is one similarity, however, that makes digital control less appealing; all the 

same analog hardware would still be required (except for the feedback loop subtracting 

off nonlinearity), but the feedback would be routed through the microcontroller. Since 

nearly all the same hardware is required, the system is sufficiently simple to justify an 

analog implementation. 

 

3.2.9 Expected Temperature Variation 

 

 Although the LED driver was designed to be less temperature sensitive, there are 

other temperature dependent devices in the system that cannot easily be corrected such as 

the PMT. This is one reason why a standard disposable is used frequently to adjust the 

measurements when there is a change in the environment. Despite these considerations, it 

is useful to analyze the expected variation of the LED output due to temperature. The 

reference signal generation will be considered first, and then the variation introduced by 

the control loop will be considered. 

 The reference signal variation is due to variations in the DAC, the voltage 

reference used with the DAC, and the variation introduced by the filter circuitry. To 

estimate the worst case scenario, it will be assumed that the variation is always positive 

with each stage across the entire 50°C temperature range. With the foregoing 

assumptions, the variation in a signal due to temperature can be estimated by using the 

following equation: 

 

17)   
 ���� = �����1 + �ΔN� 
 

where s(t) is the time varying signal, α is the temperature coefficient, and ΔN is the 

change in temperature. For two stages with different temperature coefficients 

 

18)   
 �(�) = �(�)(1 + �7ΔN)(1 + �IΔN) = �(�)(1 + �7ΔN + �IΔN + �7�IΔNI) �(�) ≈ �(�)(1 + [�7 + �I]ΔN). 
 

Thus, the temperature coefficients approximately add because the squared term is 

very small. The full scale temperature coefficient for the selected DAC is 2ppm/°C and 

the temperature coefficient for the voltage reference used in conjunction with the DAC is 
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10ppm/°C. The expected variation from the filter circuitry is 1% over 50°C which is 

equivalent to 200ppm/°C. Thus, the filter network has the dominant effect for the 

variation in the reference signal. 

 To analyze contributions due to the control loop, refer to Figure 3.5 (bottom). The 

input signal and output signal will be denoted as �� and �� respectively. Solving for �� is 

approximately 

 

�� ≈ �� 1A[�]. 
 

In this equation, A[�] is the frequency dependent gain of the feedback due to the 

photodiode quantum efficiency, the intensity of the light that reaches the photodiode, and 

the transimpedance and voltage gain stages of the feedback circuit. The resulting error 

will be due to variations in the gain and bias resistors and in the photodiode. The 

photodiode temperature coefficient is estimated as 100ppm/°C and the transimpedance 

gain is equal to the resistance of the potentiometer with coefficient of 10ppm/°C. In the 

voltage amplification stage, the gain is equal to a ratio of resistors (10kΩ and 1kΩ), each 

of which has a temperature coefficient of 10ppm/°C. For the worst case scenario, the 

temperature will cause a negative shift in resistance for one resistor and a positive shift 

for the other resistor: 

 

19)   
 ?OPQ = 10RS ∗ �1 + 10TTU/°4 ∗ 50°4)1RS ∗ �1 − 10TTU/°4 ∗ 50°4) = 10.01 

 

The voltage gain is then 0.1% over 50°C or 20ppm/°C. Ignoring variation due to bias 

currents, the total variation for the complete LED driver system can then be estimated as 

342ppm/°C or 1.7% over 50°C. Bias currents are expected to vary minimally and affect 

only the DC part of the signal which will be entirely filtered out. 

 

3.2.10 Driver Board Results 

 

 Figure 3.11 (left) is the implemented driver board. Figure 3.11 (right) shows some 

important signals from the board. The teal signal is the output of the DAC for a 31kHz 

sign wave. The purple signal shows the output of the DAC after it has been filtered by the 

Butterworth filter. The yellow signal shows the output of the photomultiplier tube (PMT). 

The output is not as clean as the filtered signal because the PMT is bandlimited by a 

200kHz low pass filter instead of a bandpass filter centered at 31kHz. For this case, the 

driver was using the SMBB680-1100-02 LED by Epitex with center wavelength at 

680nm. 
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Figure 3.11 The Implemented LED Driver Circuit Board. 

Left – The LED Driver Board. Right – Important Signals Generated By the Board.  

The teal signal is the output of the DAC. The purple signal is the output 

 of the filter circuit with an input from the DAC. The yellow  

signal is the output of the Photomultiplier Tube. 

 

3.3 THE MAIN BOARD 

 

 The main board (Figure 3.12) is an additional circuit board that was designed for 

the system to integrate all the functionality for the instrument. The main board provides 

power to all other parts of the instrument and provides an interface for communication 

and control between the BF537 Digital Signal Processor (DSP) by Phytech and all other 

devices including LED driver boards, the PMT, self-diagnostic circuitry, an LCD screen, 

an SD card reader, and a USB port used for printing capability. The power distribution 

system of the board was designed so that subsystems can be powered on and off by the 

DSP providing substantial power savings. The main board also contains all analog 

circuitry to amplify and filter the PMT output. 

 

 
Figure 3.12 The Main Circuit Board That Interfaces All Electronic Components. 

 

 Communication with the driver boards is accomplished via an IO expander that 

communicates with the BF537DSP using the I2C protocol. The IO expander then 

emulates the SPI protocol to make the microcontroller programming easier on the driver 

boards. Actual SPI ports for the BF537DSP are used to communicate with the LCD 

screen, SD card reader, and a DAC used to control the gain of the PMT. The DAC is used 

in conjunction with a high quality voltage reference and the output is buffered to 

minimize variations due to temperature. Communication with the USB printer port is 
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accomplished using a UART port. The VDIP1 circuit board by FTDI has a chip that 

translates between the UART and USB protocols. 

 Figure 3.13 shows a diagram of all of the self-diagnostic circuitry except for the 

current sense resistors placed in the ground return path for the driver boards and the 

battery. U33 is an analog multiplexor and U34 is an instrumentation op-amp. The 

purpose of the circuit is to measure the return currents for each of the driver boards and 

the battery. Additionally, by turning off power to different subsystems, the current for 

other components can easily be measured by subtracting the difference in the battery 

return current. Each ground return path has a 0.05Ω resistor in series. The ground return 

current from the driver boards is towards ground of the main board. This means that the 

potential that will develop just before the resistor will be slightly positive relative to the 

main board ground. The current to the battery is in the opposite direction as the driver 

boards and a negative potential will develop just after the resistor. Thus, the 

instrumentation op-amp needs to be able to measure both negative and positive voltages.  

The output of the selected instrumentation op-amp has an offset feature which 

was set to +2.5V. Thus all outputs from the op-amp should be between zero and five 

volts which is the operating range of an ADC on the Phytech board with the BF537 DSP. 

The gain of the op-amp is set by a single external resistor per the datasheet. The 

maximum expected current for the instrument is about 800mA which was measured by 

powering all the other circuitry. A maximum potential of about -.8*.05 = -0.04V will 

develop in the battery return current path. The gain of the op-amp was set to 50.4V/V 

making the minimum output of the op-amp about 2.5V-0.04*50.4V = 0.48V. The 

maximum voltage is expected to be significantly less than 2.5V+0.04*50.4V = 4.52V 

because the driver boards draw less current. Thus, the output of the op-amp is well within 

the range of the ADC. If a fault occurs, the return current of the battery may increase 

significantly and cause the output of the op-amp to drop to negative levels. The Schottky 

diode (D18 in the schematic) will begin to conduct, limiting the output voltage of the op-

amp to greater than -0.3V even at the maximum output current of the op-amp. This will 

prevent negative voltages from damaging the ADC which is on a separate circuit board. 
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Figure 3.13 The Self-diagnostic Circuitry for the Instrument. 
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There are a number of tests that can easily be performed for self- diagnosis. The 

easiest would be to keep a log of the current draw for each driver board and subsystem. If 

the current exceeds a predetermined limit, or if the current changes rapidly from its 

previous use, then something is likely damaged. Additionally, measurements from the 

standard disposable can also be used in a similar way. 

 The filter circuitry for the output of the PMT is shown in Figures 3.14, 3.15, and 

3.16. This filter creates a bimodal frequency response with two passbands as shown in 

Figure 3.17. The first band is centered at 3kHz and the second band is centered at 31kHz. 

Chebyshev filters are used to increase the Q of the filters. In this circuit, the first op-amp 

stage performs the required transimpedance gain for the output current of the PMT 

(Figure 3.14). The next two stages set the high frequency for the high pass band and the 

low frequency for the low pass band (Figure 3.14). Next, the signal is branched. In the 

top branch, the next three stages set the low cutoff frequency for the high pass band and 

the bottom branch sets the high cutoff frequency for the low pass band (Figure 3.15). 

Finally, the two resulting branches each with a different passband response are added 

together in a fully differential operational amplifier (3.16). In addition to combining the 

frequency responses of the branches, the fully differential amplifier also prepares the 

signals for sampling in an (ADC). 

 

 
Figure 3.14 The First Stage of a Bimodal, High Q Filter. 

(Passbands at 3kHz and 31kHz.) 
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Figure 3.15 The Second Stage of a Bimodal, High Q Filter. 

(Passbands at 3kHz and 31kHz.) 
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Figure 3.16 The Third Stage of a Bimodal, High Q Filter. 

(Passbands at 3kHz and 31kHz.) 

 

 
Figure 3.17 The Magnitude Plot for the Circuit Shown in Figure 14. 

 

Unfortunately, because the filters are high Q, small changes in the resistive and 

capacitive elements in the filters can cause significant changes in the amplitude of the 

frequencies of interest as the center frequency shifts. Precision elements with low 

temperature coefficients were selected to minimize these effects. 

 

3.4 THE COMPLETE INSTRUMENT PROTOTYPE 

 

One of the complete prototypes is shown in Figure 3.18. Figures 3.19 and 3.20 are 

drawings that illustrate various features of the instrument. The prototype is capable of 

detecting concentrations of rhodamine dye as low as about 1pM. The instrument was 
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tested with Bovine blood spiked with Staphylococcus aureus bacteria at the infectious 

dose level that affects 50% of the population (ID50). The blood was injected into a DBFD 

that was used to bind the bacteria to the inside of each of the two quartz interrogation 

windows of the DBFD to be read by the instrument. Rhodamine 123 dye bound to 

heparin sulfate was used to label the bacteria. The peak LED excitation used to 

interrogate the sample was set to a center wavelength of about 505nm. The resulting 

signal was over four standard deviations above the background level showing that the 

bacteria were successfully detected by the instrument. 

 

 
Figure 3.18 A Completed Prototype. 

 

 
Figure 3.19 The Layout of the Inside of the Instrument. 
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Figure 3.20 The Layout of the Outside of the Instrument. 
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CHAPTER 4 SPECIFYING A NEW INSTRUMENT 

 

 
 A gated, time-resolved, LED based fluorescence instrument has the potential of 

producing unparalleled measurements in terms of sensitivity while simultaneously 

minimizing photochemical damage to the sample. Perhaps the most obvious application 

of such instrumentation is in vivo fluorescence diagnostics, although there is a host of 

other applications outside of medicine. In vivo diagnostics using gated, time-resolved 

instrumentation has been used for many years by introducing dyes into the body or 

extracted tissue, but in vivo diagnostics using gating, time-resolved instrumentation to 

detect the intrinsic fluorophores in cells and bacteria is only beginning to be explored. 

This is because the quantum efficiency of intrinsic fluorophores is low, the concentration 

of the fluorophores is low, and the lifetimes are very fast (usually less than 5ns). With the 

advent of gigasample-per-second (GSPS) ADCs and ultra-wideband operational 

amplifiers, the direct sampling of these extremely short duration signals has become 

possible. Most researchers doing transient recording of fluorescence use lasers, but LEDs 

can be more precisely matched to the absorption spectrum of intrinsic fluorophores. This 

allows more of the available states to be excited while simultaneously reducing spectral 

hole burning and damaging the sample [1]. In order to realize an instrument capable of 

the transient recording of the fluorescence of intrinsic fluorophores, specifications for 

each part of the instrument are required. 

 Figure 4.1 (repeated from Chapter 1) shows the general architecture of the 

proposed instrument. Specifications for each block need to be developed to guide the 

design of the instrument. The first set of specifications can be drawn from the intended 

application: the transient recording of the fluorescent decay of intrinsic fluorophores in 

cells using the gating technique. First, lifetimes as short as 0.5ns can be expected. This 

requirement may need to be relaxed as the tradeoffs related to increasing the speed of the 

electronics and sensors become apparent. Second, a very bright LED will also be required 

because of the low concentrations and poor quantum yield of the fluorophores. This 

requirement will have to be left qualitative as there are too many unknown factors and 

applications to quantify it. The fast lifetimes imply a very wide bandwidth which means 

that random noise can be expected to be problematic. To cope with random noise, 

averaging capability needs to be included. To further expand on the requirements of the 

instrument, each applicable subsystem will be examined in light of the initial 

requirements in order to obtain more specific requirements. After examining each 

subsystem additional specifications will be developed by addressing the following 

questions:  

 

(1) What is the ideal excitation pulse given a particular fluorophore for transient 

recording? 

(2) What effect does the non-ideal fall time of an LED have on the resulting 

fluorescent signal? 

(3) How much of the fluorescent decay can be lost due to non-ideal PMT gating 

speeds and LED fall times while still being able to recover the lifetime? 

(4) How does the system response limit the detection of the lifetime? 
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(5)  What is the minimum separation of lifetimes for a sum of exponential decays that 

can still be resolved with these methods? 

 

 
Figure 4.1 A Block Diagram for a High Speed, Time-resolved Instrument. 

 

4.1 INITIAL SUBSYSTEM REQUIREMENTS 

 

The first subsystems that will be examined include the microcontroller, 

LED/Driver, and the sample. The microcontroller does not need to be fast since it simply 

triggers the system; however, triggers as fast as once a microsecond are frequently 

desirable to speed up the system. A reasonable clock speed for the microcontroller is 

between 1MHz and 100MHz. The driver circuitry can be broken into two parts: a pulse 

generating part and a part that drives the pulse signal through the LED. This paradigm is 

useful because it allows the LED to be mounted to a small board with the pulse driving 

circuitry and positioned as necessary within the instrument while the pulse is generated 

on a different circuit board. The sample is highly variable and may need an excitation 

peak wavelength anywhere from about 300nm to 700nm.  This includes all intrinsic 

fluorophores and many dyes that can be added to a sample. Additionally, the sample 

concentrations can vary over several orders of magnitude.  To cope with these problems, 

the LED pulse and driving circuitry will be equipped to drive up to four different LEDs at 

different times. Each LED will be tunable according to the application in terms of pulse 

duration, intensity, and fall-time. 

 The next subsystems to be addressed are the PMT, biasing and gating circuitry, 

the transimpedance and voltage amplification circuitry, and the sampling circuitry. Once 

the sample is excited, the resulting fluorescence will be detected by a PMT, the output 

current from the PMT will be converted to a voltage and then amplified. The PMT 

selected for this application is the R9880U-20; the fastest dynode chain PMT offered by 

Hamamatsu. It has a rise time of 0.57ns. The fall time of a PMT can vary and is better 

described for the worst case. For this PMT the worst case fall time is about 2.3ns. A 

fluorescent decay of 0.5ns which only lasts for about 2.5ns would be severely distorted 

by a 2.3ns response from the PMT. The detectable lifetime specification must therefore 

be relaxed to use this PMT. Alternatively, a very expensive microchannel plate or hybrid 
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PMT can measure the transient recording of faster lifetimes at the cost of a factor of 10 in 

gain. The bandwidth can be set based on the fall time of the PMT. Assuming the PMT 

fall time is characterized by the response of a first order system to a step response, the 

PMT bandwidth is approximately .35/2.3ns = 152MHz. The overall gain of the PMT and 

circuitry is difficult to specify because two very different samples can be interrogated by 

the same instrument. Since the bandwidth is so wide, a reasonable approach is to design 

the system for various gains up to a practical limit set by random noise. Since a 152MHz 

bandwidth was chosen, sampling well above the Nyquist limit (five to ten times is 

typical) is desirable to minimize aliasing from high frequency noise that is attenuated by 

the system. TI graciously donated the ADC12D1800 reference board with the 3.6 GSPS 

ADC12D1800 to evaluate the system. The ADC has a sample rate that is 3.4/0.3 = 11.2 

times the Nyquist limit which should adequately sample the desired signals given the 

bandwidth. 

 

4.2 OPTIMAL EXCITATION PULSES FOR TRANSIENT RECORDING 

 

Because TCSPC has been the preferred method for time-resolved studies [see 

Chapter 1], the excitation source is always assumed to be an impulse function. However, 

more effective excitation can be accomplished for transient recording methods that are 

not impulses. In transient recording, the excitation must produce enough excited states to 

generate a measurable exponential decay along a large part of the decay curve. To 

maximize the number of excited states, the excitation source should remain on for a 

certain period of time so that the excited states in the sample can reach equilibrium before 

the LED is abruptly extinguished and the resulting decay measured. This means that the 

excitation is not assumed to be an impulse. The following discussion will elucidate what 

an optimal time would be for an excitation source to be on, and will also provide insight 

into acceptable turn-off times for the source. 

The decay (for many fluorophores) given an initial population of excited states is 

governed by the equation 

 WQ���W� = −�Γ + R�Y�Q��� 
 

where Q is the number of excited states, Γ is the emissive rate, and R�Y is the non-

radiative decay rate [2,3]. Solving the differential equation results in the exponential 

decay 

 Q��� = Q�exp	�−�/�) 
 

Where � is equal to 1/(Γ + R�Y) and Q� is the initial number of excited states at time t = 

0. The resulting fluorescence intensity is proportional to the excited states and must also 

have an exponentially decaying form [3]. 

The foregoing analysis is useful when the fluorophore is excited by an infinitely 

sharp delta function of light so that an initial population of excited states instantly rises 

and then exponentially decays. This model is very appropriate for laser excitations where 

picosecond and femtosecond pulse widths are often attainable; however, LED pulse 
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widths can be significantly longer. It is important to examine what happens if the pulse 

width is appreciable relative to the fluorescent decay. The analysis can be generalized to 

include excitation pulses that cannot be approximated as impulses. To simplify the 

analysis, it will be assumed that the light source has an exponential turn-on profile and an 

exponential turn-off profile. The analysis will first treat the case of turning on the LED 

and then wait until the number of excited states of the fluorophore has reached 

equilibrium. To account for the finite rise and fall times of the LED, the term ��(�) was 

added to the above differential as follows: 

 WQ(�)
W� = −(1/τ)'Q(�) − ��(�)( 

 

where �(�) is the intensity of the excitation light, � = 1 �Γ + R�Y�⁄ , and � represents the 

combined effects of the quantum efficiency and the concentration of the fluorophore. ����� is the number of states that are excited at time � by the light source. Since the light 

intensity ���� is populating states, the rate, WQ���/W�, that the states are being 

depopulated is decreased due to �(�). Figure 4.2 shows a non-ideal impulse represented 

by exponential functions. The solid curve is �7(�7) = ��(1 − *+,^/-^) from �7 = 0 to 5�7. 

The curve of circles is equal to �I(�I) = ��*+,_/-_ where �I is time shifted relative to �7 

by 5�7 to the right. The curve of plus signs represents the resulting fluorescent decay. 

 

 
Figure 4.2 An Illustration of a Non-ideal Impulse Excitation. 

The excitation is represented by exponential functions and  

the resulting fluorescent decay is also exponential. 

 

Using � = �7, substituting �7 = � into the equation for �7, and assuming the 

number of excited states at � = 0 is zero (Q(0) = 0)), the differential equation can be 

solved, where Q`(�) is the homogeneous solution, Qa(�) is the particular solution, and Q(�) is the total solution: 
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1) Assume Q`(�) = b*<, 
 

2) Set �(�) = 0, using (2) in (1) 

 Ob*<, = −(1/�)(b*<,) → O = 	−(1/�) 
 

 

3) Thus  

 Q`(�) = b*+,/- 
 

4) Assume Qa(�) = d + 4*+,/-^  which is the same form as �7(�)  
5) Then  

 

− 4�7 *+, -^⁄ = −d� −
4
� *+, -^⁄ + ���� − ���� *+,/-^ . 

 

6) Rearranging (5)  

 

4 e1� − 1�7f *+, -^⁄ + d� = 	���� − ���� *,+/-^ 
 

7) Equating Coefficients 

 d = ��� 
 

4 = −���� / e
1� − 1�7f = −���� / e�7 − ���7 f = −

����7�7 − � 
 

8) Thus, 

 

Qa(�) = ��� − ����7�7 − � *+, -^⁄ = ��� + ����7� − �7 *+, -^⁄ . 
 

9)  Next, 

 

Q(�) = 	Q`(�) + Qa(�) = b*+,/- + ��� + ����7� − �7 *+, -^⁄ . 
 

10)  Evaluating (9) at Q(0) = 0 

 

0 = b + 	��� + ����7� − �7. 
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11)  Thus, 

 

Q(�) = −e��� + ����7� − �7f *+,/- + ��� +
����7� − �7 *+, -^⁄ . 

 

By allowing the LED to remain on after it has reached its maximum intensity at 

about � = 5�7, the number of excited states will eventually approach the maximum of ��� 

at about � = 5�. Thus, the optimum on-time for the LED is approximately 5�7 + 5�. For 

fluorophores with long decay lifetimes relative to the excitation pulse rise time, this can 

significantly affect the initial decay amplitude and hence the detection limit. For 

fluorophores with decay rates such that �7 ≈ �, then there is no need to keep the LED on 

longer. 

Now, we want to solve equation (1) again using �I(�) = ��*+,/-_ and assume the 

initial condition Q(0) = ���. This solution will model the case where the LED is turning 

off according to �I(�) where the initial number of excited states is ���. The homogeneous 

solution is precisely the same form, but the particular solution will need to be completely 

reevaluated and added to the homogeneous solution: 

 

12)  Assume Qa(�) = �*+,/-_ (the same form as �I) 

13)  Then 

 

− ��I *+, -_⁄ = −�� *+, -_⁄ + ���� *+,/-_ . 
 

14)  Then  

 

� e1� − 1�If = ����  

 � = ���� e1� − 1�Ifg = ���� e�I − ���I fg = ����I�I − �. 
 

15)  Writing out the complete solution 

 Q��� = 	Q`��� + Qa��� = b*+,/- + ����I�I − � *+,/-_ . 
 

16)  At time � = 0 we can use the estimate in 13) for the total number of excited 

states 

 

Q(0) = ��� = b + ����I�I − � → b = ����� − �I. 
 

17)  Then the decay of excited states due to a non-ideal impulse described by 

exponential functions is  



71 

 

Q(�) = ��� h �
� − �I *+, -⁄ −

�I� − �I *+, -_⁄ i. 
 

From equation 17 we see that the non-ideal fall-time of the excitation generates an 

additive term to the number of excited states. Once the excitation has died out, the 

remaining fluorescence data collected can be assumed to be part of a single exponential 

decay that starts at precisely the same time that the excitation source begins to be 

extinguished. The only artifact created is in the initial intensity of the decay because it 

depends on the timing characteristics of the excitation. This artifact can easily be 

removed by measuring the intensity for several concentrations of the fluorophore of 

interest. 

 In summary, although some of the data is corrupted by not being able to excite a 

sample with a perfect pulse, the fluorescent lifetime can still easily be obtained from the 

data after the excitation pulse has completely ended. The only artifact introduced will 

show up in the initial intensity. 

 It is important to note that there is a source of systematic error that must be 

accounted for in a transient recording implementation. Since the absorption spectrum 

overlaps with the emission spectrum, fluorescence from the sample can actually be 

absorbed by the sample again. This can smear out the exponential decay introducing error 

into the result. In TCSPC this is not a problem because only a single photon is ever 

emitted by the sample. To cope with this problem using transient recording, the 

concentration of the sample should be kept small enough so that the probability is small 

that a nearby molecule will absorb the fluorescence of one of its neighbors. This can be 

verified by diluting out the sample by a known factor and verifying that the lifetime 

remains the same and that the initial intensity has been reduced by the dilution factor. 

 

4.3.1 TIMING AND SYSTEM RESPONSE CONSIDERATIONS 

 

 Additional considerations relating to the specifications of the instrument are the 

LED fall-time, PMT turn on-time, and the system response of the PMT and amplification 

circuitry. Since the LED cannot be turned off instantaneously and the PMT cannot be 

turned on instantaneously, some of the fluorescent decay signal will be lost. It is 

important to consider what limitations might exist for successfully identifying the 

lifetime of a fluorophore or multiple fluorophores. Additionally, the system response will 

also introduce an artifact into the data that should also be considered. It turns out that the 

artifact introduced by a first order system creates a problem very similar to resolving a 

sum of two fluorescent decays with similar lifetimes. 

For the following discussion, a system bandwidth of 200MHz will be assumed.  

At this point, it is helpful to examine the system response to an exponential decay. In the 

Laplace domain, the system response and the signal are multiplied together to obtain the 

overall response. A first order system has precisely the same form as an exponential 

decay in the Laplace domain (Appendix 4.1): 

 

j(�) = 'k(�)('A(�)( = l�� e 1� + K7fm lebKI 1� + KIfm 
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where j��� is the system response, k��� is the Laplace transform of the input signal, A��� is the system transfer function, �� is the initial intensity of the exponential decay, 

and A is the gain of the system. (The gain b is scaled by KI to make the response of the 

system consistent with an ideal operational amplifier first order low pass filter). Partial 

fraction expansion of the expression and taking the inverse Laplace transform yields 

(Appendix 4.1): 

 

18)   
 n��� = b�� e KIKI − K7 *+o^, − KIKI − K7 *+o_,f. 

 

The analysis in Appendix 4.1 assumes a right handed exponential decay. This is a 

reasonable response assuming the fluorescence sample has been excited by a delta 

function. Alternatively, if the sample is excited by a light source for a long period of time 

and then the light source is instantly turned off, a similar expression can be derived 

(Appendix 4.2). This expression will be examined in the next section. 

For the system under consideration, KI = 23 ∗ 200pAq, and K7 reflects the lifetime 

of the exponential decay of the signal. The lifetime of the signal is �7 = 1 K7⁄ . To specify 

LED turn-off and PMT turn-on times that take full advantage of the bandwidth, we need 

to know how close K7 can be to KI before the exponential decay lifetime, �7, is no longer 

distinguishable. For a rough approximation, we recognize that at some point in the decay, �KI �KI − K7⁄ ��*+o^, must be greater than 10 times �KI �KI − K7⁄ ��*+o_, because K7 < KI. Next, we assume that after this time the SNR has to be greater than *I allowing 

at least one time constant before the SNR = 1. Making this assumption allows us to 

develop the necessary condition for resolving the lifetime of an exponential decay passed 

through a first order system: 

 

19)  At some time t, 

 *+o^,*+o_, > 10. 
 

20)  Rearranging equation (19) to solve for � yields 

 −K7� − �−KI�� > ln|10|. 
 ��KI − K7� > ln|10|. 
 � > ln|10|KI − K7. 
 

21)  Let �� = ln|10| �KI − K7�⁄ . Since the term due to the system is 10 times smaller 

than the term due to the fluorescent decay, 
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n���� ≈ b�� KIKI − K7 *+o^,w . 
 

22)  We desire that 

 xy6 = nI����9Yz#,���#$I ≥ *I. 
 

23)  Substituting in the approximation for n���� and solving for 9Yz#,���#$ 
 b�� KIKI − K7 *+o^,w9Yz#,���#$ ≥ * → 9Yz#,���#$ ≤ b�� KIKI − K7 *+o^,w+7. 

 

24)  Thus, to resolve an exponential decay with a lifetime of 1 �23K7�⁄ , we require 

that 

 9Yz#,���#$ ≤ b�� KIKI − K7 *+o^,w+7 
 

25) Where 

 �� = ln|10|KI − K7. 
 

 Plotting 9Yz#,���#$ = b��KI �KI − K7�⁄ *+o^,w+7, versus �7 = 1/K7 reveals a 

useful trend and allows the development of a rule of thumb (Figure 4.3). The system 

response, n(�), shows that a negative exponential decay artifact is introduced due to the 

system with a lifetime of 1/KI. For KI = 23 ∗ 200pAq, 1/KI = 0.8Q�. Figure 4.3 

shows that resolvable lifetimes are likely in the neighborhood of 1.8Q�, if we assume that 

the voltage noise of the system is less than 10mV and b�� = 1. Taking the voltage noise 

as less than 7.6mVrms, then a lifetime of 1.6ns = 2(1/KI) is resolvable. In other words, 

the lifetime of the data needs to be two times the time constant associated with the 

response of a first order system. 
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Figure 4.3 Fluorescent Decay Lifetimes that can be Resolved. 

This plot represents resolvable lifetimes despite artifacts due to  

a 200MHz first order system. Impulse excitation is assumed. 

 

 Now a design specification can be given for the LED turn-off time and the PMT 

turn-on time. The smallest resolvable lifetime for a 200MHz bandwidth system with 

about 7.6mVrms of noise is about 2(1/23200pAq)=1.6ns. We now need to know how 

much of this lifetime is required for it to still be resolved. If we again apply the 

assumptions above (when the decay signal is 10 times the magnitude of the artifact due to 

the system response and that the SNR must be greater than unity for at least one lifetime), 

we can discard all of the signal until we reach the time that the signal is 10 times larger 

than the system artifact (provided we know the start time of the decay). Using Equation 

6, we can discard up to 3.66ns of the signal for a 200MHz system, and still resolve a 

1.6ns lifetime, i.e., we can discard 3.66/1.6 = 2.3 lifetimes of the signal and still recover 

the lifetime from the data. Thus, the combined LED turn-off time and PMT turn-on time 

must be smaller than 3.66ns to take full advantage of a 200MHz bandwidth system when 

the random noise is less than 7.6mVrms. 

 The results of this discussion can be applied to systems of other bandwidths as 

well. First, the fall time of the signal should be twice that of the fall time of a first order 

system in response to a step function. Second, if the signal is the fastest possible signal 

given the system bandwidth, then 2.3 lifetimes of the signal can be discarded assuming 

7.6mVrms of noise. The error that can be expected in a lifetime measurement due to 

discarding the first part of the data is discussed in Section 4.4. 

 

4.3.2 System Response to an Alternative Signal 

 
 In the previous analysis, a single sided exponential decay was used as the signal, 

but an alternative fluorescent signal might be generated by a constant excitation for a 

long (5τ) period of time and then the excitation abruptly stops. Using step functions, and 
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assuming the system response to the initial step is negligible when the decay starts, we 

can derive a system response for this signal (Appendix 4.2).  Taking the input signal as 

 

26)  
 ~(�) = ��'�(�) − �(� − �7) + *+o^,�(� − �7)(, 
 

where ���� is the unit step function, then by Laplace transforming the signal, multiplying 

by the system response (same as previous analysis), applying partial fraction expansion to 

each term, inverse Laplace transforming the result, and doing a little simplification, the 

output of the system  is 

 

27)  
 n��� ≈ 	 ��b el −K7KI − K7m *+o_, + l KIKI − K7m *+o^,f����. 
 

Note that this equation implies that the magnitude of the response due to the 

system is smaller since KI > K7. Using the same assumptions as in the previous section, 

a relationship between acceptable SNR levels and the separation of the lifetimes will be 

derived. First, the time it takes for the term due to the exponential decay to be ten times 

greater than the magnitude of the term due to the system from equation 8 can readily be 

found. 

 

28)  At some time t, 

 l KIKI − K7m *+o^, > 10 l K7KI − K7m *+o_,. 
 KI*+o^�,� > 10K7*+o_�,�. 
 −K7� > ln 10K7KI + −KI�. 
 � > �ln[10K7/KI()(KI − K7) 	. 
 

29)  Let 

�� = (ln'10K7/KI()(KI − K7) . 
 

30)  Then 

 

n(��) ≈ b�� KIKI − K7 *+o^,w . 
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Using the results from the previous section (see equation 24), we see that to resolve 

an exponential decay with a lifetime of 1 �23K7�⁄  we required that the voltage noise be 

less than  

 

31)  
 9Yz#,���#$ ≤ b�� KIKI − K7 *+o^,w+7. 
 

32)  where �� = �ln	[10K7/KI()(KI − K7) . 
 

Figure 4.4 was generated using the same values as were used to generate Figure 

4.3, but using equations (31) and (32). For the same amount of noise, lifetimes (time 

constants) much closer to 1/KI (due to the system response) can be resolved. A lifetime 

of 1.28ns can be resolved instead of a lifetime of 1.6ns. Using this lifetime and assuming 

that the SNR has to be greater than one for at least one lifetime when the exponential 

decay due to fluorescence is ten times the decay artifact due to the system, then Equation 

29 implies that a good fit can be obtained even after discarding 3.84ns of signal. The 

error for this case is expected to be similar to the previous case which is discussed in a 

later section. 

 

 
Figure 4.4 Fluorescent Decay Lifetimes that can be Resolved. 

This plot represents resolvable lifetimes despite artifacts  

due to a 200MHz first order system. 
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4.3.3 Minimum Separation to Resolve Two Exponential Decays 

 

 To obtain an estimate of how close the lifetimes of a sum of two exponential 

decay curves can be in order to resolve both decay times is a very similar problem to the 

one treated above. Provided the lifetimes are different, there will always be a point in 

time where the contribution due one exponential decay begins to be more than 10 times 

larger than the contribution due to the other decay. At this point in time, the faster decay 

can be estimated as zero and the equation that describes the decay can be simplified. An 

equation expressing the sum of two exponential decays is given as 

 

33)  
 n(�) = b7*(+,/-^) + bI*(+,/-_). 
 

34)  At some time t, 

 b7*(+,/-^)bI*(+,/-_) ≥ 10. ln b7bI + ln *�+,/-^)*(+,/-_) ≥ ln10. ��I − ��7 ≥ ln 10bIb7 . � e 1�I − 1�7f = � e�7 − �I�7�I f ≥ ln e10bIb7 f. � ≥ ln e10bIb7 f e �7�I�7 − �If. 
 

35)  Let  

 �� = ln e10bIb7 f e �7�I�7 − �If. 
 

36)  Then assuming �7 > �I 

 n���� ≈ b7*�+,w -^⁄ �. 
 

37)  We desire that 

 xy6 = nI����9Yz#,���#$I ≥ *I. 
 �39� Substituting the approximation for n���� and solving for 9Yz#,���#$ 
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 b7*�+,w/-^)9Yz#,���#$ ≥ * → 9Yz#,���#$ ≤ b7*�+,w/-^+7). 
 

Therefore, to resolve the larger exponential decay lifetime and associated amplitude from 

the sum of two exponential decays we require that  

 

38)  
 9Yz#,���#$ ≤ b7*�+,w/-^+7). 
 

39)  where 

 

�� = ln e10bIb7 f e �7�I�7 − �If. 
 

Taking b7 = bI = 0.5, �I = 1.6Q�, we can generate the following plot (Figure 4.5) 

estimating how close the lifetime of a second exponential decay can be to the fastest 

resolvable lifetime for a 200MHz system for a given noise restriction. 

 

 
Figure 4.5 Fluorescent Decay Lifetimes that can be Resolved. 

 The decay is summed with an additional exponential decay  

of equal initial intensity and a lifetime of 1.6ns. 

 

Given the system requirement of less than 7.6mVrms of noise, we can resolve an 

exponential decay lifetime of 2.7ns provided that the faster decay has a lifetime greater 

than or equal to 1.6ns. Thus, we need a separation factor of about 2.7/1.6 = 1.7 in order to 

resolve distinct lifetimes given the noise constraints of the system. This separation factor 

is constant for any given pair of decay times given 7.6mVrms of noise, however, it is 
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clear that for slower decays more data points can be collected which will likely allow for 

closer lifetimes to be resolved than for faster decays. 

 

4.4 SIMULATIONS OF EXPONENTIAL DECAYS 

 

From the previous discussions we can conclude that provided that the system 

noise is less than 7.6mVrms for a 200MHz system: 

 

I) The fastest resolvable lifetime for a first order system is about 2 ∗ 1 �23d��⁄  

where d� is the bandwidth of the system. 

II) If I) holds, approximately the first 2.3 lifetimes (time constants) of the signal 

can be discarded and still obtain reliable results. 

III) Individual decay constants can be extracted from a sum of two exponential 

decay curves provided that the lifetimes are separated by a factor of about 1.7. 

This also assumes that the initial value of both decays is equal. 

 

Simulations of noisy exponential decay curves will allow an initial validation of 

these conclusions. Adding white Gaussian noise with a standard deviation of 7.6mV 

approximates 7.6mVrms of noise for wide bandwidths. Filtered signals were simulated 

using Equation (1) where ��bKI �KI − K7�⁄ = 1,  KI = 23 ∗ 200pAq(System 

Bandwidth), K7 = 3 ∗ 200pAq → �7 = 1.59Q� (Figure 4.6). 

 

 
Figure 4.6 A Simulated Response of a First Order System to an Exponential Decay.  

White Gaussian noise with a standard deviation of 7.6mV has been added to the signal. 

 

To validate the first two conclusions, the curve in Figure 4.6 was trimmed from 

time = 0 seconds up to about time = 5�7 seconds and the parameters of the equation were 

fit to Equation 17 using the nonlinear least squares MATLAB function nlinfit. The 

standard errors of each constant parameter in the equation (calculated from the Jacobian 
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matrix returned by the nlinfit function) were then normalized by the true values and 

plotted (Figure 4.7). 

 

 
Figure 4.7 Predicted Lifetimes and Initial Intensities.  

The signal in figure 4.6 is trimmed starting from time zero up to five lifetimes before  

fitting the data to observe the trends in the standard errors of the lifetimes and intensities. 

 

Figure 4.7 shows plots of the normalized fitted parameters and the normalized 

standard error of the fitted parameters of the first order system response of an exponential 

decay function. These parameters are calculated as the initial part of the response is 

removed from the data up to five lifetimes of the decay. 

From visual inspection of the plot in Figure 4.7, it is immediately apparent that 

after a certain amount of the signal is trimmed, the standard errors of the parameters 

increase dramatically. From Figure 4.7, it is clear that the percent of the ratio of the 

standard error of the lifetime relative to the lifetime stays well within 10% until too much 

of the data is removed. Since lifetime measurements can be changed by a factor of two or 

more simply by having a fluorophore in a different medium, an error of less than 10% is 

tolerable. The percent of the ratio of the standard error of the initial intensity relative to 

the initial intensity stayed within about 30%. Initial intensity error can easily be 

eliminated by a calibration step to the instrument. 

The trimming that caused initial intensity errors to increase beyond 30% or the 

lifetime errors to increase beyond 10% were recorded for five consecutive simulations 

where a different set of random noise was added to the original signal each time.  Next, 

the factor of the signal lifetime relative to the system response lifetime artifact was varied 

from 1.5 to 2 (i.e. �7 = 1.5�1/KI) to 2(1/KI)). The algorithm fails to produce intensity 

standard errors less than 30% or lifetime standard errors less than 10% far more often 

when the factor is decreased, even keeping the entire signal (Table 4.1). 
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The system response of a first order system to an exponential decay is given by n(�) =
b�� � o_

o_+o^ *+o^, − o_
o_+o^ *+o_,�, where �7 = 1/K7 is the lifetime of the exponential 

decay and KI is the cutoff frequency of the system. 

Ratio of 1/KI to �7 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 

1.5 0 0 0 0 0 

1.6 1.75�7 0 0 0 1.7�7 

1.7 0 1.65�7 0 1.65�7 0 

1.8 1.55�7 0 0 1.5�7 1.8�7 

1.9 1.75�7 0 1.5�7 1.5�7 1.65�7 

2 1.55�7 1.95�7 1.8�7 1.85�7 2.15�7 
Table 4.1 Signal Lifetimes that can be Trimmed from an Exponential Decay Signal.  

The intensity standard errors do not increase beyond 30% and the 

 lifetime standard errors do not increase beyond 10%. 

 

From Table 4.1 we see that when the exponential decay lifetime is about two 

times the artifact lifetime due to the system, a good fit is consistently found. At 2.25 

times the system artifact lifetime, we can discard about 2.1�7 (2.1 times the exponential 

decay lifetime) from the beginning of the decay curve and still get a good fit. These 

results agree very well with conclusions I) and II).  

Finally, a sum of two exponential decays was simulated with white Gaussian 

noise (� = 1.67U9) using Equation 33 (A1 = A2 = 0.5) and the intensity and lifetime 

parameters with standard errors were estimated as the signal was trimmed up to five 

lifetimes relative to the slower decay (Table 4.2). It is clear that when the lifetimes are 

within a factor of 1.4, there is rarely a good fit of the slower decay where the lifetime is 

within 10% of its true value and its initial amplitude within 30% of its true value. Only 

once in five trials could any of the data be trimmed while still getting a good fit in this 

sense. These trials match fairly well with conclusion III) above which predicts a good fit 

provided that the lifetimes are separated by a factor of 1.7. 

 

The sum of two exponential decay functions is given by n��� = b7*�+,/-^) +bI*(+,/-_) 
Ratio of  �I 

to �7 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 

1.4 0 0 0 0 0.2�7 

1.5 0.8�7 0.5�7 0.8�7 0.55�7 0.65�7 

1.6 1.1�7 1.05�7 1�7 1.05�7 1�7 

1.7 1.1�7 1.3�7 1.3�7 1.35�7 1.05�7 

1.8 1.35�7 1�7 1.05�7 1.15�7 1.45�7 

2.5 1.7�7 1.9�7 1.85�7 1.8�7 1.75�7 
Table 4.2 Lifetimes That Can be Trimmed From a Sum of Exponential Decays Signal.  

The intensity standard errors do not increase beyond 30% and the lifetime 

 standard errors do not increase beyond 10% of the slower decay. 
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4.5 SPECIFICATIONS SUMMARY 

 

 The foregoing analyses and experiments aid in specifying various requirements 

for a time-resolved fluorescence instrument (which uses transient recording and gating 

techniques) that is capable of resolving many lifetimes of intrinsic biological 

fluorophores. Since the bandwidth of the system is set to 152MHz, the expected 

minimum resolvable lifetime is about 2*(1/(2π152MHz)) = 2.1ns. Using this lifetime, 

about 2.3*2.1ns = 4.8ns of the data can likely be discarded while still getting a good fit. 

The time lost due to the LED turning off and the PMT turning on must therefore be less 

than 4.8ns. A summary of all desired specifications is listed below. Additional 

specifications will be developed in upcoming chapters. 

 

(I) Microcontroller clock speed is between 1MHz and 100MHz 

(II) The LED pulse generating circuit has 4 channels for up to 4 LEDs of different 

wavelengths and/or tunable timing and intensity characteristics 

(III) The amplification circuitry has a wide enough bandwidth to nominally 

decrease the PMT bandwidth of about 152MHz.  

(IV) The ADC12D1800 ADC from Texas Instruments with a 3.6 GSPS sampling 

speed was selected because the sampling rate is over 11 times the Nyquist 

limit. 

(V) The combined LED turn-off time and PMT turn-on time is less than 4.8ns. 

(VI) The voltage noise of the system is less than 7.6mVrms. 
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Appendix 4A First Order System Response to an Exponential Decay  
(Note that fluorescence can behave similar to an ideal exponential decay where an 

impulse excitation can place a set number of charges in an excited state. The 

resulting fluorescent signal jumps almost instantaneously to the highest fluorescent 

level and then decays). 

 

 An example of a first order system is the operational amplifier configured as an 

inverting amplifier low pass filter as in Figure 4.8. Using ideal operational amplifier 

theory, it is easy to show that  

 

9� = −9�� e6=67f �
1�4=6= + 1� = −9�� e6=67f � 14=6=�� 1� + 1/4=6=�

= −9�� e6=67fKI e
1� + KIf 

 

where s is from the Laplace transform and K;is the cut off frequency. The system 

response can be expressed as 

 A��� = −e6=67fKI e 1� + KIf = bKI e 1� + KIf 
 

where b is the gain of the system. 

 

 
Figure 4.8 An Operational Amplifier as an Example of a First Order System. 

 

 The Laplace transform of an exponential decay given by ~��� = ��*�+o^,� is  

 k��� = 	 �� e 1� + K7f 
 

where �� is the initial intensity. The overall system response of a first order system to an 

exponential decay signal in the Laplace domain is then given by 

 j��� = [k���][A���] = l�� e 1� + K7fm lebKI 1� + KIfm. 
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Partial fraction expansion of the expression and taking the inverse Laplace transform 

yields: 

 j��� = 	 l�� e 1� + K7fm lebKI 1� + KIfm = ��bKI e O� + K7 + �� + KIf 

 = ��bKI ���O + �� + OKI + �K7�� + K7��� + KI� �. 
 

Comparing the first term in the expression above with the third we can see that 

 O + � = 0 → O = −�. 
 OKI + �K7 = 1 → O�KI −K7� = 1. 
 O = 1�KI − K7� 	OQW	� = −1�KI − K7�. 
 

Therefore, j��� = ��b e KIKI − K7 1� + K7 − KIKI − K7 1� + KIf. 
 

Taking the inverse Laplace transform then gives the time response of a first order system 

to an exponential decay. 

 n��� = b�� e KIKI − K7 *+o^, − KIKI − K7 *+o_,f����. 
 

Appendix 4B First Order System Response to an Exponential Decay 2 
(The signal is turned on in as a step function, held constant until initial transients 

die away, and then the signal decays exponentially.) 

 

The fluorescent signal in the time domain can be represented as 

 ~��� = ������� − ��� − �7� + *+o^�,+,^���� − �7��. 
 

The intensity is rapidly raised to �� using a step function (the LED turns on) and then 

later, the step function is subtracted leaving an exponential decay in place of the initial 

intensity (the LED turns off and fluorescent decay follows). We will see that taking into 

account the finite turn on time of the LED is frequently unnecessary because the effect on 

the decay is often negligible. Taking the single ended Laplace transform 

 k��� = �� l1� − 1� *+,^# + 1� + K7 *+,^#m. 
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Given the following system 

 A��� = bKI e 1� + KIf. 
 

The system response to the decay signal is 

 j��� = A���k��� = ��bKI l1� − 1� *+,^# + 1� + K7 *+,^#m l 1� + KIm. 
 

Next, we do the following partial fraction expansion 

 1��� + KI� = O� + �� + KI = ��O + �� + OKI��� + KI� . 
 O = 1KI. 
 O + � = 0 → � = − 1KI. 
 

So 

 j��� = ��bKI l 1KI� − 1KI�� + KI� − *+,^# e 1KI� − 1KI�� + KI�f+ *+,^# e 1�KI − K7��� + K7� − 1�KI − K7��� + KI�fm. 
 

And 

 n��� = ��b l�����1 − *+o_,� 	+ ��� − �7� e*+o_�,+,^� − 1 + l KIKI − K7m �*+o^�,+,^� − *+o_�,+,^��fm. 
 

For � ≥ �7, and assuming �7 ≫ 1/KI = �I ,we see that the only effect that remains from 

turning on the LED is another exponential decay term with a time constant equal to the 

inverse of the system bandwidth. 

 

n(�) ≈ ��b e*+o_(,+,^) + l KIKI −K7m �*+o^
(,+,^) − *+o_(,+,^)�f. 

n(�) ≈ ��b el1 − KIKI − K7m *+o_�,+,^� + l KIKI − K7m *+o^�,+,^�f. 
 



86 

 

n��� ≈ ��b el −K7KI − K7m *+o_�,+,^� + l KIKI − K7m *+o^�,+,^�f. 
 

Finally, shifting the zero time to �7 

 n��� ≈ 	 ��b el −K7KI − K7m *+o_�,� + l KIKI − K7m *+o^�,�f ����. 
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CHAPTER 5 SYNCHRONIZATION AND LED DRIVER DESIGN 

 

 
Light Emitting Diodes (LEDs) are rapidly gaining momentum in fluorescence 

instrumentation over traditional light sources such as lasers, xenon lamps, and mercury 

lamps. This is due to a number of factors including the robustness of LEDs, safety, 

efficiency due to matching the absorption spectrum of fluorophores to the LED spectrum, 

power, and heating [1]. Array based sensor technologies are emerging allowing various 

LED spectrums to be used in excitation [2,3].  Additionally, LED excitation is now 

frequently used for fluorescence lifetime measurements in the Time-Correlated Single 

Photon Counting (TCSPC) method [2,3,4,5]. LED based fluorescence is even being used 

in drug treatment monitoring [3]. 

This chapter will develop a high intensity, ultra-short LED pulsing technique with 

the intent to use the technology to do time-resolved fluorescence measurements using 

transient recording. The timing circuitry used to pulse the LED and to provide 

synchronized PMT gating and ADC trigger pulses will also be discussed. The LED 

pulses are intended for fluorophores with lifetimes on the order of about 1.6ns or longer. 

Gating is used to maintain the detector off or partially off during excitation, thereby 

maximizing the available detector gain without saturating the detector with excitation 

light. 

 

5.1.1 INSTRINSIC LED PROPERTIES 

 

Integral to the design for an LED excitation source, given transient recording of 

fluorescence, are the following criteria: maximize fluorescence intensity, optimize 

excitation rise and fall times, and maximize the excitation intensity. Limiting factors for 

driver design can be broadly grouped into two categories. The first category depends on 

the intrinsic properties of the LED such as capacitance, resistance, and carrier lifetimes. 

The second category depends on extrinsic factors such as the source resistance of the 

driving circuit and parasitic inductance due to the current loop. Since the design will be 

carried out using commercial LEDs, potential design techniques for addressing intrinsic 

factors that improve output intensity and temporal behavior such as the design of the 

LED structure, materials, and doping will not be considered.  

 The primary intrinsic LED properties affecting the timing characteristics for LED 

output are capacitance, carrier lifetimes, and resistance. Only a graded pn junction LED 

will be considered because the driver is designed for commercial LEDs where the true 

structure of the LED is proprietary. It is assumed that there are similarities among these 

despite structural differences. There are two capacitive affects associated with pn 

junctions called depletion or junction capacitance and diffusion capacitance. Depletion 

capacitance dominates when a pn junction is reverse biased. Since there is not adequate 

generation of carriers (holes and electrons) in the reverse bias mode to generate an 

appreciable output intensity from the LED, the depletion capacitance will not be 

considered. When a pn junction is forward biased, diffusion capacitance dominates, and 

is given by  
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4: = ��9� � = ��9� �#1*� ��⁄ − 12 
 

where 9 is the forward bias voltage, �� is the mean transit time of charge carriers, 9� is 

the thermal voltage, � is current, and �# is a constant called the saturation current [6]. 

Unfortunately, diffusion capacitance increases exponentially with the forward bias 

voltage! 

 

5.1.2 Carrier Lifetimes 

 

In addition to capacitive characteristics, carrier lifetimes also affect the rise and 

fall times of LEDs. Carrier lifetimes refer to the mean time that it takes excess electrons 

and holes to recombine in the active region, emitting a photon. For low level injection, it 

can be shown that when the excitation of a pn junction ceases due to a voltage, the carrier 

concentration will naturally decay according to 

 

ΔQ(�) = ΔQ�*+�(�w�aw), 
 

[7]. In the above equation ΔQ is the excess carrier concentration (for both holes and 

electrons since they are generated in pairs), ΔQ� is the initial excess carrier concentration 

when the excitation ceases, Q� and T� are the equilibrium electron and hole 

concentrations of the semiconductor given a specific temperature which can be adjusted 

by doping the material, and d is the bimolecular rate constant. The carrier lifetime is 

given by  

 

� = 1d�Q� + T�� 
 

which is the time constant governing the decay and is obviously related to the mean 

transit time �� found in the diffusion capacitance equation [7]. As the carrier lifetime 

increases, the mean transit time will increase and hence the diffusion capacitance. At high 

enough bias current, diffusion capacitance (together with the resistance of the LED) 

frequently dominates over the carrier lifetime. As the current increases, the carrier 

concentration decay is no longer governed by an exponential decay, but by a stretched 

exponential decay [7] which further reduces the carrier lifetime while increasing the 

diffusion capacitance. 

 

5.2 EXTRINSIC FACTORS THAT AFFECT LED OUTPUT SWITCHING 

 

 The primary extrinsic factors affecting LED timing are the source resistance of 

the driving circuit and the parasitic inductance of the current loop. To gain some insight 

into how these things affect the rise and fall times for LED excitation, the simplified LED 

model and driving circuit in Figure 5.1 will be analyzed. In this figure, there is also series 

resistance in the LED model, but it is grouped with the source resistance 6# for 

simplicity. 
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1)  Assuming zero initial conditions, the LED current is related to the source voltage 

as follows, where K� is called the natural frequency or cutoff frequency and L is 

called the damping ratio: 

 �: = 9#6# + �H + 61 + �64 = 9# e
1 + �64�I6H4 + �H + 6 + 6#f	 

 

= 9#6 + 6#� 1�I � 6H46 + 6#� + � � H6 + 6#� + 1� = 9�6 + 6�
�4:�IK�I + �2LK� + 1. 

 

 
Figure 5.1 A Simplified Model for Estimating the Response Times of an LED Current. 

 

2) A common rule of thumb for estimating the 90% to 10% fall time (or rise time) 

for a second order system subject to a step function is given by Franklin et al. as 

follows [8]. 

 

�= ≈ 1.8K� = 1.8� 6H4�6 + 6#�	. 
 

3) An equation for the inductance of a trace over a ground plane is cited by Kaiser 

Pg.15-182 from Holloway [9]: 

 

H = 10+��,` ln �1 + 32�I�I �1 + �1 + �3�I8�I �I�� 

 

where �,` is the length of the trace,  � is the distance between the trace and the ground 

plane, and � is the width of the trace. This expression assumes that the trace thickness is 

negligible, that �,` ≫ max	��, ��, and that 2 ≥ �/�. Although not explicitly apparent, 
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this expression does factor in permeability as evidenced by the multiplying factor of 10+�.  
Although these equations only give rough estimates, they provide some ideas of 

how to minimize the fall time of LEDs: 

 

(1) minimize �,`, the radius of the loop current of the LED 

a. minimize trace lengths 

b. minimize the LED lead lengths 

(2) maximize �, the trace width 

 

The following example estimates the fastest rise and fall times of the current through 

an LED given the minimum trace loop, LED resistance, and LED capacitance. The 

smallest physical loop given circuit board layout limitations is on the order of 0.5cm. For 

a four layer process where the board thickness is 62 mils thick with one ounce copper 

(1.37mils thick), the distance between layers (�) is (62-4*1.37)/3 = 19mils = 0.5mm. 

Assuming a trace width of 0.25mm and a loop length of 10mm, Ha ≈ 2.1QA. A 

reasonable capacitance for a small LED is on the order of 10pF. Assuming a negligible 

source resistance, but an LED series resistance of 15Ω and an LED parallel resistance of 

15Ω, then Equation 2 gives a rise and fall time of 130ps for the LED current. This 

estimate only serves to get a general idea of what might be achievable in terms of LED 

dynamics because the true LED parameters are frequently unknown and the capacitance 

varies exponentially with the forward voltage. Furthermore, for commercial LEDs used 

as indicators or for lighting, the LED output intensity dynamics are likely limited by the 

carrier lifetimes which are often on the order of several nanoseconds. This is because 

these types of LEDs are not optimized in terms of temporal dynamics such as LEDs used 

in optical communication. Optical communication is always done using red or infrared 

LEDs, but fluorescence instrumentation usually requires excitation at much shorter 

wavelengths. 

 

5.3 COMMON LED DRIVING TECHNIQUES 

 

The driving circuitry for an LED depends on the application. Circuitry often used 

to drive laser diodes is also applicable to driving LEDs. Optical communication circuitry 

is also sufficiently similar to using pulsed light in a gating fluorescence instrument to 

merit consideration. Most (if not all) pulsing circuitry using LEDs in fluorescence 

measurements is applied to the Time-Correlated Single Photon Counting (TCSPC) 

method. Digital circuitry is sometimes used by taking advantage of timing glitches to 

generate driving pulses [10]. These methods work fine for TCSPC provided that there is a 

way to adjust the output intensity. In TCPSC, the intensity is usually set so that the pulses 

will generate a fluorescence photon once every 100 pulses to minimize the chances that 

two photons are generated [11].  

Digital circuits can be used for an instrument that uses gating and transient 

recording. They can frequently deliver relatively high currents for brief periods of time. 

Current mode logic circuits have small voltage swings to conserve power, but can source 

even higher currents. Unfortunately, the limited voltage swings are inadequate to drive 

LEDs where high intensities are required. 
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Optical driving circuits frequently employ a differential pair transistor 

configuration as shown in Figure 5.2 [12]. A voltage is applied to the inputs to steer the 

current through the LED or laser diode which is placed in one branch with a current 

limiting resistor. A capacitor can be placed in parallel with the current limiting resistor to 

provide current shaping/charge sweeping capability [13]. This can increase the switching 

speed at the cost of maximum output intensity. When the current switches, the capacitor 

causes an intentional spike in the current. Schottky diodes have also been used in place of 

capacitors to achieve even better rise and fall times [14]. A major drawback to this circuit 

for fluorescence recording is that the LED must be on all the time to keep all transistors 

in saturation. Low and high output intensities can be generated which is fine for digital 

communication, but turning the LED completely off will drive the bias transistor into the 

triode or cutoff region of operation and significantly slow down the operation of the 

circuit. Another significant drawback is that the current shaping technique that generates 

faster edge rates requires a current limiting resistor. Thus, the edge rate comes at the price 

of lower overall output intensity. 

 

 
Figure 5.2 An LED Driving Circuit Frequently Used in Optical Communication. 

 

A better method for LED pulsing for transient recording fluorescence 

instrumentation is to use comparators or operational amplifiers in a push-pull 

configuration as shown in Figure 5.3 (top). Transitioning from the on to off state, the 

LED is maximally reverse biased sweeping the charge from the active region of the LED. 

Using comparators in this configuration is completely novel for generating sharp, high 

power LED pulses. Comparators can frequently supply currents well above logic gate 

current levels. These high currents allow the comparator to switch voltages very rapidly. 

Furthermore, comparators often employ hysteresis to avoid metastability. This hysteresis 

is usually implemented using positive feedback, further sharpening the transition speed of 

the driving voltage. 
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5.4 DRIVER IMPLEMETATION 

 

 The driver circuit was implemented using the TLV3501 comparator by Burr-

Brown [15]. These comparators can source 74mA of current and can switch 5V in 1.5ns. 

Because of the wide voltages that can be switched, this driver is compatible with many 

types of LEDs including ultraviolet LEDs. The driver itself was implemented on a small 

board (Figure 5.3 bottom) so that the LED can easily be positioned within an instrument. 

To minimize timing skew in the LED pulses, the input signal (from J13) to the driver is 

impedance matched and the power to the board is filtered. J14 provides a synchronization 

output. When the voltage from J14 begins to fall, the LED begins to turn off. The 

photomultiplier tube will begin to respond some time later. This delay can be measured 

for each LED. The timing for the LED flash can then be synchronized using J14 in 

conjunction with the oscilloscope trigger to begin sampling precisely at the beginning of 

the exponential decay. 

 

 

 
Figure 5.3 The High Speed LED Driver. 

Top – The Implemented LED Driving Circuit Schematic. 

Bottom – The Top and Bottom Views of the LED Driver Board. 

 

5.5 TIMING CIRCUIT DESIGN AND IMPLEMENTATION 

 

 In order to drive an LED effectively in an instrument that does transient 

recording, precision timing circuits are essential. The two main considerations for the 

timing circuit are that the jitter between the timing signals is minimized and that the 

timing signals can be accurately synchronized. Figure 5.4 is the schematic for the timing 

circuit used in the implementation. Figure 5.5 (center and right) show the implemented 

circuit board. All signals are derived from a single high speed comparator U1. Even if the 

input of U1 has a slow edge and is noisy, timing jitter between the gating, pulsing, and 
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trigger signals will be minimal because each of these signals is derived from the fast 

output of U1.  

By following the logic and ignoring the RC delay elements, the theoretical output 

will look similar to that shown in Figure 5.5 (left). The arrows in the figure indicate that 

variable capacitors can be used to change the width, start time, and end time of the LED 

pulse. Additionally, a capacitor can be adjusted to set the precise moment to begin 

sampling (the ADC trigger). Not shown in the figure is that four channels for LED pulses 

are actually implemented. The four LEDs can be independently controlled because a 

disable line can be asserted to prevent other LEDs in the system from being flashed. 
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Figure 5.4 A Precision Timing Circuit. 
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Figure 5.5 The Timing Circuit Board. 

Left – The Adjustable Timing Pulses Generated by the Timing Circuit.  

Middle and Right – The Back and Front of the Implemented Timing Circuit Board. 

 

The delay introduced by the RC elements in Figure 5.4 can be estimated by taking 

the derivative of the exponential decay equation characterizing the RC circuit at time zero 

and using this slope value to calculate the time that the reference voltage is crossed. 

Taking the derivative for rising and falling edges and evaluating at time equal to zero 

gives �1/(64). In all cases the signal has to rise or fall 2.5 volts to cross the reference 

voltage. Using the values selected and shown in Figure 5.4, it is easy to show that delays 

spanning about 185ns can be introduced for each capacitor. The time that the LED turns 

on and off can be adjusted to allow for tunable length pulses and to synchronize the LED 

with the PMT. As shown in the previous chapter, it is often advantageous to have the 

LED on for an extended period of time to maximize the excited states of a fluorophore 

before the decay is observed. 

Earlier prototypes showed that a very significant source of timing jitter frequently 

comes from the switching noise from DC/DC regulators for the power rails of the 

comparators and digital logic. A switching regulator is used (instead of a low dropout 

regulator) because the circuit board is intended for a complete instrument where the 

power for the instrument is likely to be generated from a single relatively high voltage 

source. If a linear regulator alone were used, significant power would be wasted and 

substantial heating would be generated in order to drop the necessary voltage. Two 

techniques were implemented that can dramatically reduce the noise on the power rails, 

including the switching noise. The first is to run the output of the switching regulator to a 

low dropout linear regulator. These regulators typically provide excellent noise rejection 

for low frequencies (up to about 10kHz).  
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The second technique is to include a filter network to suppress higher frequency 

noise. It is advantageous to include both a ferrite bead in series with an inductor as shown 

in Figure 5.6 which is a schematic of the filter used for the timing circuit. Small inductors 

with current ratings (including saturation current) over one ampere are readily available 

for values that can easily reach 100 times the inductance of a ferrite bead. This allows the 

cutoff frequency to be set two decades earlier (about 120Hz for Figure 5.6). At mid-range 

frequencies (around 1MHz to 10MHz for 100µH), the parasitic capacitive elements begin 

to bypass the inductor. With proper selection, the ferrite bead will become highly 

resistive in this range, maintaining exceptional noise attenuation up to about 1GHz. For 

additional analysis and considerations for this circuit (without the inductor), see Chapter 

3. 

 

 
Figure 5.6 A Highly Effective Circuit Network for Filtering Power Rails. 

 

5.6 TIMING BOARD AND LED DRIVER RESULTS 

 

 The timing signals and the output of an LED driver were assessed in terms of 

speed, jitter, and precision. The jitter for the timing circuits was too small to be 

measurable with the MSO 4104 5GSPS Mixed Signal Oscilloscope by Tektronix. With 

some difficultly, the timing of each signal was tunable to a precision of about 500ps. 

More precise timing could be achieved by reducing the size of the resistor in the RC 

circuits used to introduce delays. This would increase the timing resolution that could be 

achieved by adjusting the variable capacitors at the cost of decreasing the overall range of 

delay time available. 

The output of an LED driven by the circuit in Figure 5.3 is shown in Figure 5.7. 

The SMLP12BC7TT86 465nm indicator LED by Rhom Semiconductor was selected 

because its center wavelength of 465nm is a good choice to excite riboflavin (a key 

component in flavins, metabolic molecules found in cells) and because of its minimal 

standard 0402 package size (1mm x 0.6mm). This will reduce the parasitic inductance 

due to the loop current as much as possible. The sensor used to evaluate the LED output 

is the R9880U-20 by Hamamatsu with a rise time of .57ns per the datasheet. The fall time 

of these PMTs is typically better than four times the rise time, or 2.28ns.  

In Figure 5.7 (left) the output of the PMT is the yellow signal. The purple signal 

corresponds to the synchronizing and driving signals for the LED. The LED appears to 

reach its maximum value in about 25ns. From the synchronization trigger to the PMT 

output, there is 3.1ns of delay. In Figure 5.7 (left) the LED turns completely off in about 
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8ns. From the rise and fall times it is likely that the rise time of the LED is limited by the 

LED’s charge recombination lifetime on the order of about 5ns and the fall time is likely 

limited by the capacitance of the LED. For the rise time of the LED, assuming the 

maximum current of the driver circuit is reached rapidly, the only factor that would 

increase the time that the LED reaches its maximum intensity is the charge recombination 

lifetime. For the fall time of the LED, the maximum reverse bias current is rapidly 

reached and charge stored in the LED must then be removed to eliminate the output 

intensity. 

 The fall time of the LED, which is a limiting factor for the transient recording of 

fluorescent decay signals, can be dramatically reduced at the cost of maximum output 

intensity by simply not allowing the capacitance of the LED to fully charge. By adjusting 

the LED trigger signal (purple in Figure 5.7) to a width of about 4ns, a short light pulse 

shown in Figure 5.7 (middle and right) is generated. The figure on the right is a raw data 

pulse from the LED. It is evident from Figure 5.7 (left) that these pulses can exhibit 

substantial noise, likely due to light scattering from the poorly focused LED and 

haphazard test setup. Figure 5.7 (middle) shows an averaged pulse. This figure also 

reveals that there is some ringing in the output of the PMT and/or amplification circuitry 

which will be addressed in the next chapter. Unfortunately, the peak intensity of the short 

pulses is about a factor of ten smaller than the long pulse. The short pulses exhibit a 90% 

to 10% fall time much smaller than 2ns which is likely limited by the photomultiplier 

tube. 

Some possible ways of increasing the output intensity for future designs involve 

altering the driving circuitry or driving multiple LEDs. The fall time (turn off time) of the 

LED is limited by the time it takes for the diffusion capacitance to be discharged. For the 

comparator solution, the comparator output current is limited to 74mA. Multiple 

comparators could be used to increase the current. High slew-rate current feedback 

operational amplifiers can also likely increase the total output intensity. Additional LEDs, 

each with their own dedicated driver circuitry can also be used. 

 

 
Figure 5.7 Recorded LED Signals 

Left – the LED output (yellow) of a long (100ns) driving pulse (purple).  

Middle – the averaged LED output from a 4ns driving pulse.  

Right – the raw data output of an LED from a 4ns driving pulse. 
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CHAPTER 6 PMT GATING AND BIAS CIRCUITRY 

 
 

 Photomultiplier tubes (PMTs) are highly sensitive light detectors with a wide 

variety of applications ranging from high energy physics to medical diagnostics. The 

wide variety of PMTs make it possible to choose a detector particularly well suited to a 

given application. Dynode chain PMTs consists of a vacuum chamber typically made of 

glass, a photocathode, “chain” of dynodes, and an anode, as illustrated in Figure 6.1. 

Light incident to the photocathode generates electrons that are swept to the first dynode 

by a strong electric field. Electrons that strike the dynode cause more electrons to be 

emitted in a process called secondary emission. These amplified electrons are again 

accelerated to the second dynode and so on from dynode to dynode amplifying the signal 

further with each dynode. The amplified signal of electrons is collected by the anode 

which serves as the output of the PMT. Dynode chain PMTs can be classified by several 

characteristics including photocathode composition, shape, size, dynode composition, 

dynode chain structure, and the type of anode. These characteristics contribute to various 

performance parameters of interest such as the spectral response, the linearity of 

response, rise time, fall time, transit time spread, and gain. 

 In addition to PMT selection, the voltage biasing of the dynode chain affects 

many of the performance parameters of a PMT [1]. There are various biasing techniques 

that can improve linearity in terms of DC gain and pulse linearity. Proper biasing can also 

improve the timing characteristics of a PMT. 

 

 
Figure 6.1 An Illustration of a Dynode Chain Photomultiplier Tube. 

 

 Various parameters of PMTs are important for effective transient recording. The 

linearity of the PMT preserves the decay characteristics so that the signal can be correctly 

analyzed. The fall time and transit time spread (the variation of time that the electrons 

generated by a photon of light may arrive at the anode) of the PMT sets bounds on the 

practical limit for the smallest lifetime that can be measured. 

 In order to observe a fluorescent decay, the excitation pulse must have a fall time 

somewhat faster than the fluorescence. Unfortunately, the scattering from the excitation 

pulse can cause the PMT and amplification circuitry to operate nonlinearly due to dynode 

voltage perturbation, space charge effects, and operational amplifier saturation. The 

excitation pulse can be several orders of magnitude more intense than the fluorescent 

signal due to the concentration of the fluorophore, the quantum efficiency of the 

fluorophore, and possibly other effects such as quenching in a biological sample. If the 
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PMT and amplification circuitry are not functioning properly during the fluorescent 

decay due to the excitation pulse, the data of interest will be distorted or lost. 

 To prevent the PMT and analog circuitry from receiving signals that cause them 

to operate nonlinearly, the PMT can be partially turned off by employing gating.  PMT 

gating techniques are sometimes broadly classified into five categories: first dynode 

pulsing, cathode and dynode pulsing, multiple dynode pulsing, power supply pulsing, and 

focusing electrode pulsing. Each technique exhibits trade-offs between gating transients, 

afterpulses, off-state attenuation, and gating speeds. The cathode and dynode pulsing 

method is very effective in terms of turning the PMT on and off, however, when the 

transit time spread of the PMT needs to be optimized, hundreds of volts must be switched 

on the cathode. It is difficult to cleanly switch that much voltage in only a few 

nanoseconds. Power supply pulsing achieves the best attenuation in the off state (about 

10
-6

), but it turns on the PMT too slowly in order to record fluorescent decay data from 

most fluorophores. Multiple dynode pulsing and focusing electrode pulsing exhibit a 

good balance between attenuation in the off state (about 10
-2

 to 10
-4

) and clean, fast 

switching. Focusing electrode pulsing can be particularly advantageous because relatively 

low voltage is required to effectively reverse the voltage gradient between the cathode 

and the focusing electrode [2,3]. 

 A problem that is very pronounced in dynode chain PMT gating is a spurious 

gating transient signal that usually lasts hundreds of nanoseconds after the PMT is 

already on [4]. Another problem is that since gating directly affects the PMT’s gain, 

gating can cause the gain to fluctuate for long periods after the PMT is on. Fortunately, 

the effects of gating transients and gain fluctuations can be dramatically reduced in the 

final data using techniques described in Chapter 2. These techniques characterize the 

PMT output and then preprocess the output signals based on this characterization.  

 Relatively recent developments in PMT technology are gated microchannel plate 

PMTs (MCP PMT) and gated hybrid PMTs which employ an avalanche photodiode [1]. 

These PMTs exhibit excellent timing characteristics and gating with very little gain 

fluctuations and transients, but dynode chain PMTs can frequently achieve a factor of 10 

more gain. Dynode chain PMTs are also a factor of five to ten times (or more) less 

expensive. 

 In this chapter, biasing and gating circuitry will be discussed and implemented 

using Hamamatsu’s R9880U-20 dynode chain PMT. The biasing will be intended to 

optimize the linearity to within about 3% up to 5mA of output current, achieve a gating 

time of about 4ns, obtain an overall bandwidth of 200MHz, and maximize the gain of the 

PMT. The gating circuitry will be designed to minimize gating transients and to obtain 

nearly uniform gain once the PMT is on. Unfortunately, it was not possible to obtain 

PMT models that could be used in circuit simulation to help validate the design. Such a 

model was requested from Hamamatsu, the manufacturer of the selected PMT, but they 

claim that they do not use these kinds of models. Hamamatsu does use models to estimate 

the electron trajectory through the PMT in the design process of the PMT, but these 

models are proprietary. 
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6.1 PMT BIASING 

 

 There are many application based design considerations that need to be addressed 

for PMT biasing. For this design, the PMT gain should be very high and pulse linearity 

should be sufficient to get reasonable fluorescent lifetime estimates. The electron transit 

time spread should be sufficiently small so as to not introduce significant timing artifacts. 

Fluorescent decay recording also requires high enough bandwidth to not introduce a 

lifetime artifact too close to the fluorescent lifetime (see Chapter 4). This is usually 

limited by the fall time of the PMT.  

With proper biasing, the selected PMT is adequate so as to satisfy many of these 

requirements. The R9880U family of PMTs has a gain of about 2*10
6
 when the overall 

bias voltage from anode to cathode is about -1kV. The R9880U datasheet boasts rise 

times of 0.57ns implying fall times of about 1.71ns (3 times) to 2.28ns (four times) 

according to Hamamatsu representatives [5]. Using the fall time 1.71ns gives a 

bandwidth of 200MHz which is likely achievable. The transit time spread is specified at 

200ps. For fluorescent lifetimes of 1.6ns, the transit time spread is about (0.2/8)*100% = 

2.5% of the total decay time which would only nominally distort the final lifetime 

measurement.  

PMT linearity is frequently broken into two categories called pulse linearity and 

DC linearity. This description reflects the cause of each type of nonlinearity (space 

charge effects for pulses or dynode voltage changes due to the signal intensity for DC 

linearity).Unfortunately, we do not have the experimental setup to make reasonable 

measurements of linearity, but linearity will still be considered in the design to optimize 

PMT function. 

 With long, sustained excitation, it is important to be able to sink adequate 

sustained current for each of the dynodes so as to maintain the dynode voltage the same 

with respect to time, and hence keeping the PMT gain constant. In pulsed mode, spurts of 

current are sourced by each dynode. In this case, the average current flowing from the 

dynode can be very small, but the voltage seen by each dynode must be maintained 

relatively constant.  Since pulse mode is the most appropriate for short fluorescent 

decays, the discussion will be primarily confined to biasing techniques addressing pulse 

mode. 

 Diodes and transistors are frequently employed in PMT biasing circuitry to 

improve both the sustained and the pulsed response of the PMT. High voltage diodes and 

transistors for PMT biasing (usually ratings of at least 100V are required) are bandwidth 

limited to the low megahertz region. This bandwidth is inadequate to observe low 

nanosecond fluorescent decay lifetimes. Capacitors are often used to improve the 

linearity of the PMT due to high frequency signals by placing the capacitor between the 

dynode and ground. When pulses of positive charge are sourced from a dynode (electrons 

are flowing into the dynode) the charge stored on the capacitor prevents the dynode 

voltage from changing significantly until the excess charge can be removed via the 

transistor chain. Resistor chains in combination with capacitors can be equally as 

effective as diodes and transistors in terms of sustained and pulsed responses at the cost 

of increased power. An important advantage of resistor chains is that the resistors, in 

conjunction with the capacitors, also serve as effective filters for the extensive switching 

noise that accompanies high voltage DC-DC converters. 
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6.2 PMT BIASING IMPLEMENTATION 

 

Figure 6.2 shows the resistor chain that was implemented to bias the dynode chain 

of the PMT. Nodes labeled V0V1 through V0V6 can be routed directly to dynodes, or 

they can be used as reference voltages for the operational amplifiers and comparators in 

the gating circuitry. In the current implementation, V0V3 through V0V6 are used as 

reference voltages, and V0V1 and V0V2 are used simply to bias dynode five and dynode 

six respectively. Note that each dynode is a high impedance node in the circuit that will 

occasionally source small quantities of charge. 

By using resistors for the dynode chain, there is a lot of resistance from the output 

of the DC-DC converter and each of the dynodes. Additional resistors that rout the bias 

voltage to each dynode and the cathode were also included. The “routing” resistors were 

included because the trace lengths to each dynode can be long and act as antennas. By 

placing these resistors as close as possible to the dynodes, any noise that couples to the 

traces is filtered by each RC network. Routing resistor R78 and capacitor C73 are 

primarily used to filter the switching noise from the regulator before the voltage is routed 

to the cathode. 

Switching noise from the high voltage regulator and the isolated DC-DC 

converters will introduce nonlinear distortions into the output of the PMT. This is 

because any switching noise on the cathode and dynodes will change the secondary 

emission gain for each dynode. The worst case for switching noise due to the -1kV DC-

DC converter (the F10 by Emco High Voltage Corporation ) will be at the cathode. This 

is because the RC filter network for the cathode has the highest cutoff frequency. To 

estimate the overall effect of the switching noise on the gain of the photomultiplier tube, 

the switching noise from the cathode can first be be approximated. If the switching noise 

of the cathode is then assumed to be the same for the dynodes, an overestimate of the 

overall gain variation due to switching noise can be calculated. The RC filter for the 

cathode has a cutoff frequency equal to 1/(2π100kΩ*33nF) = 48Hz. The -1kV switching 

regulator has a switching frequency that can range from 25kHz to 125kHz and a ripple 

amplitude of 0.1%. When the regulator is set to 1000V, the ripple peak-to-peak voltage 

from 25kHz switching noise should be reduced from 1V to about 2mV (-54dB) by the 

filter. 
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Figure 6.2 The Resistor Chain Used to Bias Each Dynode of a PMT. 

 

The voltage difference between the cathode and the first dynode is designed to be 

-159V. This voltage difference can vary by a factor of about two times the peak-to-peak 

switching noise of the -1kV regulator divided by the total voltage, or 4mV/159V = 

25.5*10
-6

, where it was assumed that the first dynode has the same switching noise as the 

cathode.  Since the secondary emission gain is proportional to voltage difference between 

the previous stage and the dynode, the gain of the first dynode can vary by 25.5*10
-6

 due 

to switching noise. Since this is the worst stage, a conservative estimate for the gain 

variation of the entire PMT is (10*25.5*10
-6

)*100% = 0.025% of the total PMT gain. 

Without the filtering, the gain variation could be almost as high as 2.5%! 

Not only does each capacitor have a role in a filter network, each capacitor also 

stores charge so that when each PMT dynode sinks negative charge, the voltage at each 

dynode only changes nominally. The dynode that sinks the most charge is the last dynode 

in the dynode chain. This is because the last dynode will amplify the largest signal before 

the signal appears at the anode. It is necessary to verify that the value of the capacitor 

used for the last dynode reduces nonlinear gain to acceptable levels (C84 in Figure 6.2). 

Since the other dynodes need to sink far less negative charge, provided the other 

capacitors in the dynode chain have nearly the same capacitance, the nonlinear distortion 

from the other dynodes will be far less. In fact, the purpose of the capacitors for the early 

dynode stages is only for filtering the switching noise from the -1kV regulator. 

In order to determine an appropriate value for C84, the desired minimum output 

current of the anode must be known. The negative current output of the anode will be 



104 

 

amplified by a resistor (transimpedance amplification) and the resulting voltage will then 

be amplified by TI’s 1.8GHz THS4303 operational amplifier with a fixed gain of 10. The 

minimum output of these amplifiers is -1.5V. Thus, the minimum voltage at the input is -

150mV. Given a transimpedance amplifying resistance of 20Ω, the minimum desired 

output current of the PMT is -7.5mA. 

Next, a large amount of the charge being sourced by the anode must come from 

the last dynode. From the datasheet for the R9880U-20, an overall gain of 2x10
6
 is 

typical. Assuming this gain is evenly spread out over all dynodes and taking the 10
th

 root 

of the gain gives a gain of 4.3. So the current being sourced by the last dynode to the 

anode is likely on the order of -7.5mA*(1-1/4.3) = -5.8mA. The charge sourced by the 

last dynode depends on the duration of a pulse. Assuming a square pulse of 500ns (which 

will overestimate the charge due to an exponential decay with a lifetime of 100ns), then 

the total charge is -5.8mA*500ns = -2.9nC. Since the voltage on a capacitor is directly 

proportional to the charge, to produce a voltage change of less than 0.1%,  there needs to 

be at least 1000*-2.9nC = -2.9µC stored on the capacitor. The capacitor value can now be 

calculated from the voltage generated by the dynode chain which is equal to about -149V. 

Thus, the minimum size capacitor is equal to 2.9µC/149V = 19.5nF.  

If the voltage is then assumed to change by 0.1% for each dynode due to the 

dynodes sourcing charge, then the voltage gradient between each of the dynodes and the 

cathode will change by 0.1% (assuming the voltage gradients are all equal). Thus, 

nonlinear gain effects due to dynodes sourcing charge will be reduced to 10*0.1% = 1%. 

It is clear that the 0.15µF capacitor selected for the design meets the minimum 

capacitance requirements to decrease nonlinear distortion due to dynodes sourcing charge 

to below 1%. 

Despite all of these measures, nonlinear distortions in the PMT output can still be 

over 3%. There are two more effects that should also be considered. First, the capacitors 

exhibit parasitic inductance at high frequencies. This inductance will not allow the 

capacitors to source the desired current for rapidly changing signals. A simple technique 

used frequently for digital chips is to place an additional, small value capacitor as close to 

the node exhibiting current spikes as possible. Physically small capacitors with low 

capacitances have far less parasitic inductance. For multilayer ceramic capacitors, this is 

clearly because there doesn’t need to be as many layers. 100pF capacitors with adequate 

voltage ratings were also placed at the last four dynode stages to reduce the overall 

impedance of the circuit so that the current can rapidly be delivered while nominally 

changing the voltage. 

The final problem that will be addressed to improve PMT linearity is due to space 

charge effects. As the signal progresses down the dynode chain, the number of electrons 

relative to the voltage gradient increases, introducing nonlinearity. A common technique 

for reducing space charge effects is to gradually increase the voltage gradient for the last 

few dynodes with a “tapered voltage-divider” resistor network. Hamamatsu recommends 

various graded voltage schemes for biasing dynodes [6]. These recommendations also 

include an increased voltage gradient from the cathode to the first dynode which helps to 

reduce transit time spread because the light that is photo-transduced at the cathode will 

generate electronics with different initial velocities. A conservative scheme was selected 

and the resistor values for the resistor chain were chosen accordingly. 
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6.3 PMT GATING CONSIDERATIONS AND IMPLEMENTATION 

 

 Dynode chain PMTs have been gated using many different techniques. Some have 

used high-speed, high-voltage transistors to switch dynode and cathode voltages 

[7,8,9,10]. Others have used avalanche transistors to generate gating pulses [11]. A 

technique that has not been exploited for high-speed gating is to use operational 

amplifiers. This technique has likely been ignored because GHz high voltage operational 

amplifiers have only recently come onto the market.  

There are several advantages with using operational amplifiers for PMT gating. 

First, each dynode exhibits some reactance. The low impedance output of an operational 

amplifier allows the switching voltage to be delivered to the dynode with very little 

distortion. Second, when one dynode is switched, charge is sourced or sunk by nearby 

dynodes. An operational amplifier would serve as an efficient sink or source so as to keep 

the dynode voltage as stable as possible.  

Gating circuitry was designed for two pairs of dynodes. Figure 6.3 shows the 

gating circuitry for one pair. The gating signals are first received by comparators. These 

comparators are used in conjunction with an RC delay element so that the precise time 

that the gating signal is delivered to the dynode can be adjusted. The signals are then 

capacitively coupled to another stage of comparators though high voltage rating ceramic 

capacitors.  After these comparators, RC filters limit the bandwidth of the comparator 

outputs because the frequency response of the amplifiers has some peaking close to the 

cutoff frequency. The RC filters reduce ringing that would otherwise result in the output 

of the amplifiers. Finally, the amplifiers deliver switched voltages to the dynodes to gate 

on the PMT. A pair is used to increase the total gating voltage that can be achieved. By 

switching each operational amplifier 25V, then an effective gating voltage of 50V is 

achieved between dynodes, improving the bias of the dynodes when the PMT is in the on 

state. The gating circuit was designed to reverse bias two pairs of dynodes by 5V in the 

off state and to forward bias the dynode pairs by -45V in the on state. Two pairs of 

dynodes are used so that in the off state there is greater signal attenuation. 
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Figure 6.3 Photomultiplier Tube Gating Circuitry for a Pair of Dynodes. 
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The voltage supplies for the final comparator and amplifier (gating a single 

dynode) has to be shifted so that the delivered gating signal is at the correct level. This 

was accomplished using isolated DC-DC regulators with 3kV of isolation. The isolated 

regulator voltages were shifted by tying voltage nodes (generated in the resistor chain 

used to bias the PMT dynodes) to the center-tap output of the regulators. Charge sourced 

by the dynodes due to a signal and also due to a gating event can change the reference 

voltage level of the final comparator and amplifier. This is problematic because the final 

output of the PMT is referenced to ground and these changes can make gating transients 

and nonlinear effects worse. Voltage changes for the reference voltage levels were 

reduced to well within 0.1% by capacitively coupling the ground plane to each reference 

voltage node. Similar in concept to biasing each dynode, adequate charge can be stored 

on coupling capacitors to suppress shifts in the reference voltage levels. 

In addition to the isolated DC-DC regulators, two filter networks and an LDO 

regulator placed between the filter networks were used to reduce switching noise from 

the isolated DC-DC regulators. The resulting output voltages produce DC power with 

very little switching noise, reducing the jitter observed on the PMT gating transients to 

about 300ps. The jitter from an earlier prototype was about 1ns. This jitter affects the 

time when the PMT is turned on and degrades the timing accuracy of the data. 

 

6.4 PMT OUTPUT AMPLIFICATION 

 

 The PMT output can be accurately modeled as a current source with high output 

impedance and low output capacitance. As such, the current needs to be transimpedance 

amplified to a voltage followed by voltage amplification to take full advantage of the 

ADC resolution. Figure 6.4 shows the output circuitry for the photomultiplier tube. To 

maximize bandwidth (at the expense of noise), a resistor was chosen as the 

transimpedance amplifier. Next, the signal is amplified by Texas Instrument’s 1.8GHz 

THS4303 operational amplifier to increase the output voltage. The power supply 

decoupling and filter networks are also shown in the schematic for the amplifier. One 

additional advantage not yet mentioned for these types of filter networks is that the ferrite 

bead (sometimes called a choke in this application) prevents voltage spikes in the power 

lines from the amplifier from affecting other nearby analog circuitry. 

The anode of the PMT typically has between 5pF and 10pF of capacitance 

relative to ground. This means that the bandwidth of the PMT can be limited by the 

output resistance. The higher the resistance is, the larger the voltage gain and the lower 

the bandwidth. The original resistor was selected to accommodate bandwidths high 

enough to see 1.6ns lifetimes. From Chapter 4, a bandwidth of 1/(23(1/2	)�) 	= 1/(3 ∗1.6Q�� 	≈ 200pAq should be adequate. This assumes that the noise can be reduced to 

7.6mVrms and that the SNR remains above unity for at least one lifetime after the system 

response artifact is a factor of 10 smaller than the fluorescent decay signal. Assuming a 

10pF output capacitance, the resistance for the transimpedance amplifier should be 

selected as 1/(2π*200MHz*10pF) = 79.6Ω. A 1.8GHz amplifier was chosen so as to not 

reduce the bandwidth further. 

 After implementing the design, the transimpedance amplifier resistance was 

eventually reduced to 20Ω. This was done to initially measure the timing characteristics 

of the LEDs with a higher bandwidth system limited only by the PMT. The change was 
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made permanent to minimize gating transients. When the PMT gain is increased, the 

PMT gating transients are nominally affected; however, any circuit level amplification 

increases both the signal and the gating transient artifacts. Additionally, a 47pF capacitor 

was added in parallel after characterizing one of the LEDs. This was done to eliminate 

the ringing at the output of the amplifier seen on the oscilloscope in Chapter 5 due to 

some minor peaking in the frequency response (as shown in the datasheet for the 

THS4303). The final bandwidth of the system was set to about 200MHz. 

 

 
Figure 6.4 An Ultra-wide Bandwidth Output Stage for Photomultiplier Tubes. 

 

6.5 PMT BIASING AND GATING RESULTS 

 

 Figure 6.5 shows the most recent boards used to bias and gate the PMT. The PMT 

is mounted to the board on the left which contains all the gating circuitry for the PMT 

and amplification circuitry for the output of the PMT. The board in the middle is the 

power board which generates all the bias voltages and power supply voltages for the 

PMT and gating circuitry. The picture on the right shows the two boards connected 

together. Two separate boards were used so that the power and biasing nodes could be 

placed close to the correct dynode and gating circuit without crossing signal lines. 

Additionally, the power generation uses lots of switching regulators whose switching 

noise is shielded from the analog circuitry by the ground plane of the power board. 

Switching noise on the power and biasing supplies is reduced using filters and LDO 

regulators before connecting them to the opposite side of the board. 
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Figure 6.5 Biasing and Gating Circuit Boards for a Photomultiplier Tube.  

Left – The Gating Circuit Board With the PMT and Output Stages.  

Middle – The Biasing and Power Board for the PMT and Gating Circuitry Respectively.  

Right – The Two Boards Mounted Together. 

 

Figure 6.6 shows signals recorded by the PMT from an LED. The LED output is 

constant by the time the PMT begins turning on with the falling edge of the blue signal. 

The falling edge shows the output of the PMT quickly moving to a lower voltage due to 

the LED intensity. The LED then turns off with the rising edge
1
 of the blue signal and the 

PMT remains on. The figure on the left shows raw data collected and the figure on the 

right shows averaged data. The white signal on the right is averaged data when the LED 

signal is not present. The gating transients from the PMT are clearly visible. These 

transients are less than 25mVpp in magnitude while the signal can go as low as -700mV. 

The PMT turn on time from about 10% to 90% of the magnitude is about 3.6ns. The 

gating transients last about 10ns after the PMT is on. The red  

signal is the PMT output when the LED is on (blue signal) minus the PMT output when 

the LED is off (no  signal). Looking closely, it is apparent that the PMT gain is not 

perfectly constant with respect to time. When processing the data, it would probably be 

advantageous to follow the procedures in Chapter 2 in order to subtract the gating 

transients from the signal and then to divide out the nonlinear gain. 

 

                                                 
1
 The falling and rising edges specified for a photomultiplier tube in general refer to the magnitude of the current being 

sourced. Since the current is negative, the signal will be inverted, also inverting the edges. Thus, in Figure 7.6 we only see the 

inverted falling edge when the LED turns off. The rising edge of the PMT is not recorded. The inverted rising edge in the 

figure is due to gating the PMT on. 



110 

 

 
Figure 6.6 PMT Output Signals. 

Left – The Output of the Photomultiplier Tube to a Light Pulse.  

Right – the Averaged Output of a Photomultiplier Tube to a Light Pulse. 
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CHAPTER 7 LIFETIME MEASUREMENT RESULTS AND 

CONCLUSIONS 

 
 

 The development of two types of fluorescence instruments were described in the 

preceding chapters. The lifetime based instrument components, specifications, and signal 

processing techniques described in Chapters 2, 4, 5, and 6, can be used together to show 

the capabilities of the new prototype instrument.  Various experiments were performed 

demonstrating the capabilities of the new prototype. The specifications and final 

prototype capabilities for both instruments are demonstrated and the conclusions suggest 

future advances in the transient-recording of LED induced fluorescence. 

 

7.1.1 EXPERIMENTAL RESULTS FOR THE PROTOTYPE 

 

 The timing, LED driver, and photomultiplier tube circuitry were assembled for 

the time-resolved prototype as shown in Figure 7.1 and the output was sent to a 5 GSPS 

mixed signal oscilloscope to perform rapid lifetime measurements and experiments.  

 

 
Figure 7.1 The High Speed Fluorescent Prototype Instrument. 

 

The lifetimes of Alexa Fluor 610X and riboflavin were each measured by fitting the data 

to exponential decay curves using nonlinear least squares methods. Lifetimes of acridine 

orange (AO) were also measured with AO alone and in solution with single and double-

stranded nucleic acids. 

 

7.1.2 Experiments with Alexa Fluor 610X and Riboflavin 

 

 Figure 7.2 shows raw data taken for Alexa Fluor 610X. The dark blue signal is the 

output of the PMT. The red signal marks the time when the LED begins to turn off which 

occurs about 1ns after the PMT begins to turn on. After about 4.2ns, the LED is 
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completely off and the PMT is completely on. The light blue signal is the averaged output 

of the PMT when the LED is off and reflects the gating transients. The purple signal is 

the dark blue signal minus the light blue signal, i.e. the output signal when the gating 

transients are subtracted from the output. Recall that the output signal is negative relative 

to an intentional DC offset which was added to the output signal to increase the available 

voltage range of the output limited by the voltage supplies of the operational amplifiers. 

In the data for Figure 7.2, the PMT gating transients are much more pronounced 

than what is shown in Chapter 6. This is because the data for Chapter 6 was taken later 

after the gating transients were reduced. The gating transients were reduced by first 

increasing the overall bias of the PMT and hence the overall gain of the PMT, which does 

not affect the gating transient amplitudes. Second, the gain of the output electronics was 

decreased by reducing the transimpedance output resistance and by only using one 

operational amplifier stage. The overall gain of the PMT signal remained relatively 

constant, but the amplification of the gating transients was reduced by decreasing the gain 

of the transimpedance and operational amplifiers. 

 

 
Figure 7.2 Raw Fluorescent Decay Data of Alexa Fluor 610X. 

An amber LED is used to excite the sample with peak wavelength of 595nm 

(Panasonic Electronic Co. part number LNJ447W84RA1). 

 

 Figure 7.3 and Figure 7.4 show nonlinear least squares curve fits for the 

fluorescent decay of Alexa Fluor 610X dye that is averaged 512 times using the same 

Matlab functions as in Chapter 2. The averaged gating transient signals are also 

subtracted from the data (this also removes the DC offset) and the data is multiplied by -1 

before performing the curve fit. The blue curve is the fitted exponential decay, the green 

curve is the data, and the red triangle curve contains the points from the data used in the 

fit. The first several data points are discarded because the LED is still partially on and the 

PMT is still turning on. 

 In Figure 7.3, a sum of two exponential decays was used to fit the data with 

clearly distinguishable lifetimes. The LED is completely extinguished and the PMT is 

fully on when the data is taken, so it is likely the Alexa Fluor 610X has exhibited an 

additional fluorescent decay lifetime. Observing the structure of the molecule, there are 
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several tightly conjugated benzyl rings with positively and negatively charged side 

groups. Because there are ionizable groups, the overall charge on the molecule will 

change with solution pH and protonated forms should be expected to have slightly 

different fluorescence lifetimes. 

The data for Figure 7.4 was initially fit using a sum of two exponential decays, 

but the statistics showed that the two lifetimes were indistinguishable. Comparing Figure 

7.3 and Figure 7.4, the fitted initial intensity is close to a factor of 10 different (for the 

statistically equivalent lifetimes), consistent with the dilution factor. Since the lifetimes 

are statistically the same and the confidence interval in both cases is reasonably narrow, 

the pH of the dye solution is not substantially changed by this lower dye concentration.  

 

 
Figure 7.3 A Least Squares Fit of the Fluorescent Decay of Alexa Fluor 610X Dye.  

The dye is in a phosphate buffered saline (PBS) solution and has a concentration 

 of 1µg/mL or 0.78µM (using the molecular weight of 1284.82g/mol to do the conversion). 
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Figure 7.4 A Least Squares Fit of the Fluorescent Decay of Alexa Fluor 610X Dye. 

(78nM in PBS) 

 

 Figures 7.5 and 7.6 show nonlinear least squares curve fits for the fluorescent 

decay of riboflavin where the data is collected and preprocessed in the same way as 

Alexa Fluor 610X. Riboflavin (a.k.a. vitamin B) is significant because it is an essential 

component of flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). 

FAD and FMN are important cofactors in the metabolic function of cells.  

 Once again, the blue curve is the curve fitted to the data, the green curve is the 

data, and the red triangle curve contains the points used in the fit. The LED was measured 

to still be partially on for 7.2ns, but from the fit of the data it appears that the LED is 

adequately off after 5ns. This time delay depends on the intensity of the fluorescent 

signal. The LED may also appear to be on slightly longer due to scattering. In Figure 7.6, 

the solution is diluted by a factor of 10 relative to Figure 7.4. 
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Figure 7.5 A Least Squares Fit of the Fluorescent Decay of Riboflavin.  

The LED used to excite the riboflavin is manufactured by Rohm Semiconductor, has the part  

number SMLP12BC7TT86, and a center wavelength of 465nm. The medium is PBS and the  

concentration is 100µM. 

 

 
Figure 7.6 A Least Squares Fit of the Fluorescent Decay of Riboflavin. 

The same LED and medium was used as in Figure 7.5,  

but the concentration was reduced by a factor of 10. 

 

7.1.3 Experiments with Acridine Orange, DNA, and RNA 

 

 Acridine orange (AO) is a dye with fluorescent properties that change 

significantly depending on its environment [1,2,3,4]. It is used in many types of 

biological experiments including nucleic acid labeling. AO interacts with double-stranded 

nucleic acids (e.g. dsDNA and dsRNA) by intercalating between base pairs [4]. This is 

due to AO being somewhat hydrophobic. AO also interacts with the phosphate backbone 

in single-stranded nucleic acids via electrostatic forces [4]. These interactions cause the 

peak absorption and peak emission spectrum to shift from what is observed with only AO 

in a nearly pH neutral aqueous buffer [4].  
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Shifts in peak absorption and emission spectrum are frequently accompanied by 

changes in fluorescent lifetimes. The newly developed time-resolved prototype was used 

to show a correlation between AO and its environment with respect to lifetime data. First, 

the lifetime of AO was measured alone in tris/borate/EDTA (TBE) buffer. Next, the 

lifetime of AO in solution with single-stranded DNA sequencing primer was measured 

(New England Biolabs, part number 51258A). Two additional lifetime measurements 

were also made using double stranded DNA (genomic DNA isolated from E.coli) and 

RNA (Midland Certified Reagent Co., part number SKU P-3001). Table 7.1 shows the 

results of each of these measurements. 

 

 Fitted Lifetimes Standard Error 

AO (23µM) 2.0ns 0.02ns 

AO (11.5µM) & ssDNA (Primer, 

33nM) 

3.7ns 0.09ns 

AO (11.5µM) & dsDNA 5.8ns 0.02ns 

AO (11.5µM) & dsRNA 

(Homopolymeric, 25mg in 3mL) 

5.9ns 0.02ns 

Table 7.1 Measured Lifetimes of AO in TBE Buffer with Nucleic Acid. 

The same LED was used as in Figure 7.5. 

 

 Next, the solution of AO and homopolymeric double-stranded RNA (A-U base 

pairs) was heated to nearly 100°C and allowed to cool. Lifetime measurements were 

taken with respect to time during the cooling process as shown in Figure 7.7. When 

double stranded RNA is heated, the base pair hydrogen bonds holding the strands 

together are broken and RNA is denatured into a single stranded form. In this form, the 

AO is expected to interact with the phosphate backbone of the single stranded RNA. As 

the RNA cools, it renatures, forming double stranded RNA and the AO is again expected 

to intercalate between the base pairs of the RNA. In Figure 7.7, the first measured 

lifetime of AO (while the solution was still hot) is about 3.7ns with a standard error of 

0.02ns  which is the same as the lifetime measured for AO in solution with the single 

stranded DNA sequencing primer. After 30 minutes of cooling, the lifetime of the AO is 

about 4.9ns with a standard error of 0.01ns and appears to be approaching the original 

lifetime of about 5.9ns (Table 7.1) before the solution was heated. 

 

 
Figure 7.7 Fitted Lifetimes of AO in Solution with Heated dsRNA in TBE.  

The same LED was used as in Figure 7.5. 
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7.2 SUMMARY OF WORK 

 

 The primary focus of this work was on the development of an instrument to do 

time-resolved transient recording of fluorescence using LEDs as the excitation source and 

a high speed PMT sensitive to a wide spectrum of light. In Chapter 2, a method for 

reducing systematic artifacts due to limitations in the instrumentation was developed 

involving the subtraction of averaged gating transients from the data and dividing out the 

time-based gain changes due to the gating.  

In Chapter 4, a method for specifying various instrument parameters was 

developed for the transient recording of fluorescent decay data. Fluorescent lifetimes 

were also shown not to be distorted by LED fall times. A first order system has a single 

associated time constant. When the fluorescent data lifetime is close to the system time 

constant, the lifetime can still be identified. This assumes that the output noise is below 

7.6mVrms and that the system output has an SNR greater than unity for at least one 

lifetime after the contribution of the system to the output has dropped below 10%. 

Similar assumptions were used to determine when the lifetimes of two exponential 

decays can be resolved.  

Additional specifications were developed by examining how much of the 

fluorescent decay data can be discarded while still achieving a reliable fit. The final 

results for Chapter 4 guide the LED turn-off time, the PMT turn-on time, the PMT and 

amplification circuitry bandwidth, and the maximum tolerable noise given the desired 

shortest detectable fluorescence lifetime. 

In Chapter 5 an extremely low jitter timing circuit and an LED driver circuit are 

described. A trade-off between maximum LED amplitude and LED fall times is 

explained and LED fall times faster than 2ns were observed. In Chapter 6 a novel circuit 

is described for PMT gating along with various biasing techniques to improve the linear 

response of a high speed PMT. Testing this circuit revealed 10% to 90% gating times of 

about 3.6ns, gating transients that only lasted about 5ns after the PMT was on. 

Furthermore, in the off state the PMT and amplification circuit output showed no signs of 

nonlinear effects regardless of the LED excitation scheme. 

Finally, the instrument was used to identify the lifetimes of Alexa Fluor 610X and 

of riboflavin. Additionally, lifetime data for acridine orange (AO) was collected alone 

and in solution with single and double-stranded nucleic acids. The lifetimes of Alexa 

Fluor 610X were not previously available in the literature, and the lifetimes of riboflavin 

are close to the reported times for FAD and FMN by Lakowicz [5]. The lifetimes 

measured for AO are distinct for the three situations showing a correlation between the 

lifetime and the environment of AO. 

In addition to the time-resolved prototype, an instrument for bloodborne pathogen 

detection was described and the final instrument was shown to be highly sensitive and 

capable of detecting pathogens in fresh whole blood. I designed all the custom electronics 

that were used in the instrument and the instrument is described in Chapter 3. 

 

7.3 CONCLUSIONS AND FUTURE WORK 

 

 The time-resolved instrument described in this work can be significantly 

enhanced from its current state. It is fast enough to measure fluorescent decay data for 
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intrinsic biological fluorophores (e.g. FAD and FMN). The hardware is in place to fully 

automate the system with software development. Since lifetime data can be collected 

about once a microsecond, the lifetime of a fluorophore can be rapidly determined. If the 

SNR is high enough (e.g. a highly concentrated sample), it should only take one sample 

to obtain a reasonable estimate for the lifetime. Averaging of more samples can easily be 

implemented to increase sensitivity for low concentration samples. To increase sensitivity 

further, lenses and filters can be added to the system, reducing the effects of the 

scattering from the excitation and focusing the fluorescence across the PMT cathode. The 

LED output can also be improved by increasing the drive current of the LED driver. This 

will increase the brightness of the LED and improve the turn off time. With these 

enhancements, the prototype may be suitable for the detection and characterization of the 

intrinsic fluorophores in cells. 

 The time-resolved instrument is also capable of taking various low nanosecond 

lifetime measurements of a fluorophore depending on its environment. This is significant 

because instruments capable of taking this kind of data have historically been too bulking 

and expensive for many applications. For example, making lifetime data available at a 

crime scene would provide additional discrimination for fluorescent samples. This would 

dramatically reduce the number of samples that would need to be taken and analyzed in a 

forensic laboratory. 

One major advantage of transient recording over other time-resolved lifetime data 

collection techniques is that the data required for lifetime measurements can rapidly be 

acquired. This also presents a “big data” problem and as the technology is improved and 

the frequency that lifetime data can be acquired increases, it is important to handle the 

vast quantities of data in an efficient manner. One solution is to apply compressive 

sampling techniques to reduce the total data. Compressive sampling is rooted in linear 

systems theory and is an alternative to the traditional Nyquist sampling scheme [6]. 

Compressive sampling can be described as the art of transforming the data to a domain 

such that the information is concentrated into relatively few samples. For example, an 

exponential decay signal can be fully defined with only three “samples”, the initial 

amplitude, the lifetime, and the baseline. If the initial amplitude, lifetime, and baseline 

can be sampled directly, then the total number of samples is instantly reduced to three 

instead of requiring several samples for several points in time on the decay curve. 

Advancing technology is rapidly opening new and exciting possibilities for 

optical instrumentation. In the realm of fluorescence instrumentation, a host of 

possibilities still remain unexploited in many fields including physics, biology, medicine, 

and imaging! 
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