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Abstract

The growing population of elderly individuals in the last three decades has coincided with

more patients suffering from neurological conditions. The result has been a marked decrease

in quality of life for such patients. Studies have been conducted to identify the underlying

biological mechanisms that lead to the onset of such disorders. The Cholinergic Hypothesis

postulates that the disruption in the cholinergic neurotransmitter pathway explains pro-

gressive memory loss symptoms that manifest in many neurological diseases. Qualitative

experiments observing animal model behavior have been conducted to verify this hypothesis.

However, substantive quantitative data is lacking.

A quantitative method to measure neurological markers in the brain through optical stim-

ulation and recording has become increasingly popular in the optogentic research space. This

thesis presents prototype devices that are capable of using this method to measure cholinergic

functionality. The presented devices put priority on distinct design specifications. In partic-

ular, the initial discrete-component prototype emphasized untethered device operation and

multi-wavelength, multi-channel stimulation and recording. The second-iteration prototype

converted the discrete-component circuits into a miniaturized integrated circuit capable of

meeting the same specs. In addition, wireless power transfer and data telemetry functionality

was developed. Simulation and in-vitro testing results act as a proof-of-concept for future

in-vivo testing.
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Chapter 1

Introduction

1.1 Motivation

According to United Nations, the percentage of the world population aged 65 and older

has jumped from 5% in 1990 to ∼10% in 2020 [1]. The same source estimates that this

number is going to increase to ∼18% by 2050.

Figure 1.1: Global population trends by age groups from 2019 to 2050 [1].
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With age comes higher susceptibility to developing neurological conditions such as Alzheimer’s

disease (AD), Parkinson’s disease and Amyotrophic Lateral Sclerosis (ALS). According to a

systematic review of data published in the 2021 Alzheimer’s Association report, 6.2 million

Americans aged 65 or older suffer from AD [7]. This data, further stratified by age, reveals

a trend which correlates age with a higher AD prevalence. Of the number of Americans

mentioned in the report, 27.6% are 65-74 years of age, 36.1% are 75-84 years of age, and

36.4% are 85+ years of age [7]. Similarly, a review of data from the Global Burden of Disease

Study from 1990 through to 2016 found that the prevalence of Parkinson’s disease exponen-

tially increased for each 10-year age group. For individuals 30-40 years of age, the prevalence

is 0.01% of the global population. This value increases to 0.33% for 60-70 years of age,

0.77% for 70-80 years of age, and peaking at 80-90 years of age, a prevalence of 1.37% [8].

Similar correlations between age and other neurological conditions have been found in data

aggregation reports [9], [10].

Focusing on AD, the symptoms of this condition include social withdrawal in the early

stage patients up to incontinence and primitive reflexes in late stage cases [11]. The effect

on patients quality of life is significant and progressively worsens over time. Despite the

evidence showing the correlation between age and cognitive decline, no cure for AD has been

found due to a poor understanding of the mechanisms in the brain that lead to this and

other neurological conditions. Attempting to further understand these mechanisms is the

overarching motivation of this research work.

1.2 Cholinergic Hypothesis

Researchers have attempted to understand the mechanisms of AD and other neurological

conditions by identifying common symptoms and working backwards. One such symptoms

that is seen in nearly all AD patients is progressive memory loss and an inability to learn new

information. The hippocampus, located in the medial temporal lobe of the brain, plays an

2



Cholinergic Wireless Photometry

essential role in memory and learning [12]; therefore, many researchers have theorized that

there is a link between degradation of the hippocampus and structures that feed into the

hippocampus, such as the basal forebrain, and the symptoms of neurological conditions in

aged individuals [13].

The ‘Cholinergic Hypothesis’, presented in 1982, explains the acceleration of memory

loss in elderly individuals as a result of decline in cholinergic function [14]. Cholinergic dys-

function is defined as a disruption in the cholinergic neurotransmitter pathway indicated by

low concentrations of various neurotransmitters and the elements that release these neuro-

transmitters [14]. More specifically, the basal forebrain production of acetylcholine (ACh),

Figure 1.2: Illustration of cholinergic neurons in healthy versus early AD patients, influenced
by [2].

a cholinergic neurotransmitter, has been experimentally shown in animal models to directly

play a role in improving memory and learning in rats [15], [13]. In this study, researchers

selected behaviorally impaired older rats and transplanted half of those rats with intrahip-

pocampal cell suspension grafts that promote cholinergic neuron growth and ACh production.

Both the experimental and control group rats were put in a maze and tested to see how long

they would take to find the exit. The rats with transplanted cells demonstrated greater
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spatial awareness and retention of the exit route on average compared to the control group

suggesting a connection between ACh and cholinergic neuron degradation leading to memory

loss symptoms.

While behavioral tests such as the ones done by [15], [13] provide qualitative evidence

to substantiate the cholinergic hypothesis, the collection of quantitative data is much more

conclusive in terms of experimental result replication as well as the elimination of confounding

variables.

1.3 Previous Work

Many papers have been published that attempt to provide quantitative results to verify

the cholinergic hypothesis through different methods. In following sections, the positive and

negative aspects of different experimental techniques will be discussed.

1.3.1 Post-Mortem Analysis

Choline uptake and other cholinergic markers can be measured from the brain tissue of

deceased patients who had AD. [16], [17] found that the concentration of choline acetyl-

transerase, an enzyme that catalyzes ACh, was consistently lower for AD patients as com-

pared to non-AD patients. Post-mortem analysis provides quantitative data that circumvents

the issues with the live animal behavioral tests mentioned earlier. However, neither the behav-

ioral tests nor the post-mortem methods provide any information on the temporal dynamics

in different time windows (seconds, minutes, days, weeks, and months) of cholinergic input

and it’s role in AD onset. These dynamics can be assessed with high temporal resolution

in live animal models by directly measuring the hippocampal concentration of acetylcholine

(ACh), a cholinergic neurotransmitter, in freely-moving animals, a method that will be ex-

plored next.

4
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1.3.2 Indicator-enabled Optical Measurement

The continuous, real-time measurement of cholinergic element concentrations was enabled

by the development of genetically-encoded indicators (GEI). These indicators modify neu-

rons to fluoresce when cholinergic elements bond to them. When these modified neurons

are stimulated with light, they in turn emit a light with an intensity proportional to the

neurotransmitter element concentration in the environment around them. [18] designed an

indicator that codes neurons in the basal forebrain to emit red light when calcium ions (Ca2+),

an element that triggers neurotransmitter release, docks to it. [19] created a similar indicator

to make neurons in the hippocampus, where ACh is most commonly present, perform the

same function. The response time of these sensors was empirically found to be ∼3 s allowing

for detailed transient signal analysis [20]. An important characteristic of these sensor is that

the wavelength of light is unique to stimulation and emission as well as between different

sensors. For example, the Ca2+ GEI is stimulated by 560 nm light and encodes the neuron

to emit 620 nm light, whereas the ACh GEI is stimulated by 470 nm light and the neuron

emits 520 nm light. This detail allows for simultaneous optical stimulation and measurement

of emissions of multiple neurotransmitter elements, a crucial feature of the devices discussed

in later sections.

1.3.3 Fiber Photometry Devices

The current standard device used for optical stimulation and measurement are fiber pho-

tometry devices. [3], [21] are examples of such devices that perform neuron stimulation via

an optical fiber inserted into the animals brain. The measurement of neuron response is done

with electrodes, in the case of electrical readings, or a CMOS camera, in the case of optical

emission measurements. This system provides reliable quantitative results, but comes with

some drawbacks. Firstly, the use of an optical fiber for stimulation means that the animal is

tethered to the laser source unit leading to unnatural subject behavior. Secondly, an optical

fiber can only emit one wavelength of light at any time limiting experiments to single element
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Figure 1.3: Illustration of fiber photometry system used in [3].

measurements. Multiple-wavelength stimulation requires more than one fiber which increases

procedure invasiveness and can lead to increased abnormal animal subject behaviors.

1.3.4 Wireless Photometry Devices

Recent papers have attempted to address the challenges of legacy fiber photometry de-

vices by designing miniaturized wireless devices that are capable of both stimulation and

measurement of Ca2+ concentration. [4] presents a mm-sized implantable device that in-

cludes a headstage placed externally on the rat’s scalp and an implantable stage surgically

inserted underneath the skull. An intermediate coil located on the skull completes a three-coil

system that provides wireless power from the headstage. Travelling in the other direction,

backscatter on-off keying (OOK) modulation is used to send data to the headstage from the

implantable circuit in a low-power fashion. Through this inductive link, one of the main

limitations of fiber photometry systems is addressed. However, this and other optogenetic

papers focus only on Ca2+ concentration measurement and do not explore ACh recording.
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Figure 1.4: Illustration of mm-sized implantable photometry device presented in [4].

Kampasi et al. [5] looks into multi-wavelength recording by designing a device that uses

waveguides to mix the light of two injection light diodes. This method of optical stimulation,

as compared to the commonly used method of micro-light emitting diodes (µLEDs), allows

multiple wavelengths of light from just two sources. The negative aspect of the this design

choice is that multiple protrusions, refereed to as shanks, are required to deliver the light to

the mouse’s brain. In the paper, four shanks are present on the device resulting in four entry

points in the brain which can be very invasive.

Figure 1.5: Illustration of multi-shank photometry device presented in [5].
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1.4 Proposed Work

Figure 1.6: Illustration of shank positioning presented in [6].

This research is focused on designing a tri-color photometry system capable of optically

stimulating and recording multiple wavelengths. To achieve this goal, the shank placement

is an essential aspect of the design. To measure both ACh and Ca2+ in the hippocampus and

basal forebrain, the shank will be inserted at approximately a 27° angle perpendicular to the

surface of the animal’s brain, as shown in Figure 1.6 (based on the Mouse Brain Atlas [22]).

The motivation for such a device in the long-run is decoding the human brain’s under-

lying mechanisms that cause cognitive decline and a possibility to open up a new venue for

surrogate methods that can provide noninvasive personalized monitoring of cognitive decline

in patients, specifically in relation to the memory deficits and other cholinergic hippocampus-

specific functions. More specifically, building the temporal profile of ACh and Ca2+ input

simultaneously will help identify the relationship between cholinergic input and the magni-

tude of behavioral cognitive impairment. The data collected with this novel technology will

provide a strong basis for uncovering the basic mechanism of cognitive decline in aging.

8
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Section 2 will cover the first-iteration device design and results and Section 3 will repeat

the process for the second-iteration prototype. Finally, Section 4 will conclude the research

work completed and the future research topics to be explored.

9



Chapter 2

Photometry Device: Discrete

Component Prototype

2.1 Design Goals

The purpose of an initial prototype for cholinergic sensing was to provide a proof-of-

concept for the validity of simultaneous LED stimulation and measurement with off-the-shelf-

components (COTS) prior to investing time and resources into a miniaturized, integrated

circuit device solution. In addition, the expectation was to create preliminary results from

in-vitro lab experimentation for the Human Frontiers Grant proposal. With these big-picture

goals in mind, the design criteria for this device were:

(i) Simultaneous driving of three LEDs of different wavelengths

(ii) Simultaneous measurement of emitted light of different wavelengths

(iii) Untethered, COTS-design device

While device size and power consumption were minimized, ultimate miniaturization and very

lower power operation were not the primary concerns of this first prototype.
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2.2 Block Level System

As can be seen in Figure 2.1, the system contains an optical stimulation block to excite

the neurons and an optical recording block to record the emitted light. For this prototype,

three wavelengths of light are used for stimulation and two photodiodes are used for recording

purposes. The three wavelengths of light cover stimulation of Ca2+-docked neurons and ACh-

docked neurons which are the cholinergic neurotransmitter markers discussed in the previous

section. In addition, capability to measure an isobestic ACh (AChiso) is included. The

isobestic signal does not vary with changes in ACh concentration; therefore, it is used as a

reference level for post-measurement processing. For example, any DC drift will affect both

the ACh and AChiso recordings equally. As a result, the DC component can be removed

from the ACh signal by subtracting it with the AChiso signal.

Figure 2.1: High-level illustration of system.
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To minimize dark current, the photodiodes were reverse biased. The worst case dark current

for both photodiodes according to their datasheets is 5 nA. This is significantly less than

the photocurrent generated which is in the 1-3 uA range. Therefore, the effect of dark

current-generated noise is minimal. Further noise analysis is presented in Section 2.4.3.

2.3 Optical Stimulation Block

2.3.1 System Design

In this block, the microcontroller (MCU) drives each of the LEDs so that the appropriate

neurons can be stimulated and three signals can be recorded. The three signals and their

stimulation and emission wavelengths are given below.

Table 2.1: Signals of Interest Stimulation and Emission Wavelengths

Neural Stimulation Emission
Signal Wavelength Wavelength

Ca2+ Sensing 525-575 nm (yellow green) 620-660 nm (orange)
ACh Sensing 465-480 nm (pure blue) 510-530 nm (blue green)
AChiso Sensing 405 nm (blue violet) 510-530 nm (blue green)

A Microchip ATTiny84 MCU was chosen for this design. The justification for this com-

ponent selection is as follows:

• Low profile quad-flat no-leads (QFN) package and small form factor of 4 x 4 mm

• Low active current of 300 µA and quiescent current of 0.1 µA

• On-board 10-bit ADC (acceptable for our output signal frequency)

• Input-Output (I/O) pins capable of sourcing up 40 mA of current

The LEDs are driven by PWM signals generated by the digital output pins of the MCU.

Each of the LEDs are sourced by separate I/O pins to allow for design flexibility. The ACh and
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AChiso signal emission are at the same wavelength, therefore they must be time-multiplexed

so that the photodiode is able to distinguish between the two signals. The Ca2+ signal is

spatially separated, but is also time-multiplexed to ensure limited emission interference.

The MCU is directly used to drive the LEDs as opposed to using a dedicated LED driver

because the ATTiny84 can source up to 40 mA from each I/O pin. This well exceeds the 20

mA max current needed to drive each LED. In addition, using a separate LED driver chip

would likely require an external oscillator that would be at a fixed frequency. Additional

circuitry would be required to modulate the period and duty cycle of the LED driving signal.

In contrast, the MCU can be easily programmed for varying periods and duty cycles with a

resolution of 1 millisecond.

Finally, to control the illuminance of the LEDs, four bits have been allocated that can

be set to a high (Vsupply) or low (ground) voltage. The corresponding four-bit binary code

ranges from 0000 to 1111. The first two bits will be read by the MCU to select the LED

(i.e. 00 is L1, 01 is L2, and 10 is L3). The last two bits will be used to set the brightness to

four pre-defined levels. To ensure that the current flowing through the LED does not exceed

the absolute maximum current rating, a discrete resistor is placed in series. The value of

the resistor is calculated by taking the voltage drop across the LED given in the component

datasheet.

Rseries =
VPWM − VLED

Imax

(2.1)

For the LED component selection, the main priority was matching the current sourcing

requirements presented in optogentic papers [4], [23] that have done animal testing. This

is of importance because these current sourcing requirements have been shown to produce

the necessary optical power levels to stimulate the neurons. LED current requirements are

dependent on the size and peak wavelength of the LED. In the optogenetic papers referenced

earlier, bare LED dies (i.e. micro-LEDs with the packaging removed) were used to minimize

surgical damage to the animal model when the components were inserted close to the neuron

in the brain during in-vivo experimentation. Unfortunately, LED dies are expensive, sold in
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large quantity, and are difficult to solder without precise micro-machine lab tools. Therefore,

to mimic these components, packaged pico-LEDS (pLEDs) manufactured by ROhm were

used. These pLEDS, despite their small form factor, generate comparable optical power to

LED dies. In addition, the dimensions of the pLEDs is 0.6 x 1 mm which is the the smallest

packaged LED that is commercially available as far as we know.

2.3.2 LED Driver Lab Measurements

As shown in Figure 2.1, the system is designed to simultaneously stimulate three LEDs.

To ensure that there is no interference in emissions, the LED ON periods are equally time-

multiplexed over an overall period of 150 ms. The LED current measurements were done

by recording the voltage across a series sense resistor and calculating the current in post-

processing.

As shown in Figure 2.2, the current for the 560 nm and 405 nm LEDs have a peak

current of ∼20 mA which matches the requirements listed in the respective LED datasheets.

Similarly, the 470 nm LED peak current of ∼5 mA is in line with the required current for

maximum optical power emission.

Figure 2.2: Lab measurement results of (A) PWM voltage signals driving LEDs. (B) LED
current.
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Measurements were also carried out to verify the linearity of user bit control of LED

intensity. A Thorlabs Spectrometer was used to determine relative luminous intensity for

each LED for increasing bit codes from 0000 to 0011. Figure 2.3 shows this plot for the 560

nm LED.

Figure 2.3: Lab measurement results of luminous intensity at different bit code values for the
560 nm LED.

2.4 Optical Recording Block

2.4.1 System Design

In this block, the current generated by the photodiodes is converted into voltage that

can be sampled by the MCU. To achieve this conversion, a transimpedance amplifier (TIA)

topology is used. A TIA has a shunt-shunt feedback structure with low input and output

resistance. The combination of these two circuit features allows the output current to generate

a measurable voltage across the output resistance of the amplifier. The theoretical closed-loop

gain of a TIA can be calculated with a simplified amplifier model:

Vout(s)

Iin(s)
= −Rf ·

 AOL

1 + AOL +
sCinRf

1+sCfRf

 (2.2)
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Figure 2.4: Simplified TIA model to calculate closed-loop gain.

Assuming a large open-loop gain (AOL), the closed-loop gain can be approximated as follows:

lim
AOL→∞

Vout(s)

Iin(s)
≈ −Rf (2.3)

As shown in Equation 2.4, the feedback resistor is the main factor in determining the gain

which simplifies circuit design. One advantage of having a large feedback resistor is that the

primary pole of the circuit is determined by the time constant formed by the two feedback

elements. The bandwidth of the TIA is as follows:

BW =
1

2πCfRf

(2.4)

To determine the required TIA specs for the photometry application, the input and desired

output signal characteristics are important to define. Based on Fast Fourier Transform (FFT)

of the data taken from fiber photometry studies by our collaborator at Kanazawa University,

the main signal power ranges from 1-10 Hz with an amplitude of ∼17 µA.
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Figure 2.5: Spectral frequency plot of signals measured with fiber optic setup by our collab-
orator at Kanazawa University.

To account for worst-case scenario signal conditions, the input signal amplitude is taken to

be 1 µA and the desired output signal amplitude is set to 1 V. Therefore, the required DC

transimpedance gain is calculated as follows:

Gain =
Vout

Iin
=

1V

1µA
= 1MΩ (120dB) (2.5)

To implement a TIA circuit for the design specifications listed above, a two-stage circuit

was selected. The first stage provides the gain and the second stage sets the bandwidth.

Based on the gain and bandwidth equations given earlier in the section, the gain for the 520

nm and 620 nm photodiodes was set to 120 dB and 125 dB respectively. The difference in

gains accounts for the fact that the 520 nm photodiode produces less photocurrent compared

to the 620 nm photodiode at the same illuminance. The bandwidths were set to 1.167 kHz

and 1.162 kHz.
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Figure 2.6: Schematic of optical recording block.

For the COTS opamp component, an ADA 4505-2 was selected for the following reasons:

• Low opamp current noise spectral density of 20 fA/
√
Hz

• Low voltage noise spectral density of 65 nV/
√
Hz

• Gain-bandwidth product of 50 kHz

• Quiescent current consumption of 172 µA

For the 520 nm and 620 nm photodiodes, a Vishay TEMD6200 and Osram SFH2716 were

selected respectively. The main driver for this selection was the value of the junction ca-

pacitance (CJ) and shunt resistance (RSH), representative of the parasitic capacitance and

resistance across the PN junction. CJ in particular is of importance because it acts as the

input capacitance to the TIA and can limit the circuit bandwidth. Therefore, a smaller CJ

is desirable. The CJ and RSH values for the 520 nm photodiode with no reverse bias are 60
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pF and 2 GΩ. For the 620 nm photodiode under the same bias conditions, the values are 28

pF and 1 GΩ.

2.4.2 Stability Analysis

One of the challenges of TIA design is ensuring stable AC and transient operation. The

following three analyses can be run to verify stability:

(i) Open-loop gain and 1/β plot to ensure the roll-off is -20 dB/dec before and after the

point-of-intersection [24]

(ii) Input small-signal square waves to observe any overshoot or ringing

(iii) Parasitic capacitance sweep in feedback to see the effect on bandwidth

For the first analysis, to plot both the open-loop and feedback gain simultaneously the feed-

back loop must be broken at the input and the negative terminal of the opamp should be

connected to a LC feedback circuit.

Figure 2.7: Schematic of testbench for isolating phase-shift of opamp and feedback circuits.

This LC circuit sets the DC bias of the transistor by using large inductance and capacitance

values that produce a very low-frequency pole. Then, an AC voltage source can be used
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at the input of the positive opamp terminal. The feedback gain is taken as Vfeedback⁄Vout.

The advantage of this analysis is the individual phase shift contribution of the open-loop

circuit and the feedback circuit is visible. As can be seen in Figure 2.8 with the red plot, Rf

creates a first-order zero that causes the feedback circuit response to increase at 20 dB/dec.

Similarly, the open-loop plot presents a first-order pole response with a slope of -20 dB/dec.

The intersection of these lines at frequency fint adds a 180° phase shift at the output which is

already 180° phase-shifted by the natural inversion of single-stage opamp circuit. As a result,

at fint the circuit will be unstable. Since a pole must exist in open-loop response to define

the bandwidth, the only way to limit the phase shift is to create a pole to cancel out the zero

in the feedback loop. As can be seen with the blue plot, the addition of Cf compensates the

feedback response and ensures circuit stability.

Figure 2.8: First-stage TIA open-loop response and feedback response with and without the
feedback capacitor.

While feedback analysis is a good predictors of circuit stability, it is always prudent

to perform transient analysis simulations to identify any peaking or ringing behavior. In

addition, system delay between output and input can only be determined with this method.

Transient analysis is performed by inputting a small amplitude square wave at the input. A

square wave contains both high and low-frequency components, therefore it thoroughly tests

stability across a range of frequencies. For the purposes of the designed system, a 10 nA
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current square wave was fed into the input.

Figure 2.9: Cascaded two-stage TIA transient square wave input.

Finally, to account for parasitic shunt capacitance (Cpar) coming from the feedback re-

sistor, the Cpar was swept from 1 pF to 100 pF to observe the effect on bandwidth. As can

be seen in Figure 2.10, even for a large parasitic capacitance of 100 pF the bandwidth is still

acceptable for the application signal characteristics.

Figure 2.10: Cascaded two-stage TIA parasitic capacitance sweep.

Similar stability analysis was done for each individual stage of the TIA. These plots can be

found in Appendix A.
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2.4.3 Noise Analysis

Due to the low-frequency, low-amplitude nature of the signal-of-interest, 1/f and thermal

noise sources are important to analyze. For a TIA, the amplifier voltage noise (en), current

noise (in), the thermal noise generated by feedback resistor ((en)), and the dark current noise

((id) from the photodiode are the primary contributors to overall noise. The amplifier noise

sources are represented in Figure 2.11.

Figure 2.11: TIA simplified model with voltage and current input-referred noise sources.

These noise sources can be combined into a single input-referred current source. The bandwidth-

extending effect of the input capacitance is also accounted for in Equation 2.6 [25]. The overall

input-referred current noise (Iirn) is the squared sum of the RMS voltages divided by the TIA

mid-band gain (BW). To plot the Iirn spectral density over frequency, the Analog Devices

LTSpice simulation software was used.

Iirn =

√
in

2 +
en
RF

2

+
4kT

RF

+
en · 2π ·BW · CJ

2

3
+ 2qID ·BW (2.6)

As can be seen in Figure 2.12, the Iirn is dominated by 1/f noise. The output-referred

voltage noise Vorn follows a similar profile at lower frequencies. However, around 1 kHz Vorn

behavior starts to diverge as the amplifier gain limits the voltage noise bandwidth. The

RMS noise at at a given frequency can be approximated from the plot by identifying the
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Figure 2.12: Input-referred current noise, amplifier gain, and output-referred voltage noise.

noise spectral density and multiplying by the square root of bandwidth. Therefore, for a

bandwidth of 1 kHz the output voltage noise of the system would be 1.3 .

2.4.4 TIA Measurements

As a first step prior to testing the analog front end (AFE), characterization of the TIA

was carried out. Since TIA designs are sensitive to input capacitance, using a current probe

at the input to measure photocurrent is not viable. Therefore, a three-step process can be

employed where the IV curve of the photodiode is first determined after which the TIA

voltage gain is recorded. Using the IV characterization curve, the voltage gain can then be

converted to transimpedance gain.

Lab measurements with this technique are shown in Figure 2.13. The photodiode IV

curve was obtained by setting a through-hole LED and the photodiode parallel to each other

such that the light emitted from the LED was incident to the photodiode. The DC voltage

across the LED was then swept from 0 V to 5 V and the resulting photodiode current was

measured with an ammeter. The forward voltages given in the plot represent the voltage

across the LED that produces the minimum illuminance the photodiode can detect. For the

gain curves, a sine wave voltage signal was used to drive the through-hole LED. The frequency

of this signal was swept from 1 Hz to 10 kHz. The amplitude of the input current signal was
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Figure 2.13: (A) Photodiode IV curves. (B) TIA gain bode plots.

determined by using the photodiode IV curve and correlating the voltage amplitude to the

resulting photocurrent.

Figure 2.14: (A) Illustration of testing procedure for TIA block. (B) Arbitrary function
generator Ca2+ transient signal and measured PD signals.

Following TIA characterization, an in-vivo test methodology was devised. In this method-

ology, through-hole LEDs were driven with brain data emissions recorded with a fiber pho-

tometry device. This data was recorded from live animal experiments carried out by our

collaborator from Kanazawa University [26]. The light from these LEDs was directed to-
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wards the on-board photodiodes through a reflective aluminum foil conduit to increase light

intensity and reduce interference. Both the testing procedure and recorded signals are pre-

sented in Figure 2.14. As can be seen in Figure 2.14(b), the brain data signals fed into the

input are replicated at the output demonstrating the AFE measurement ability.

2.5 Board Layout

Figure 2.15: PCB layout.

The PCB layout used for this design is shown in Figure 2.15. The board is composed

of two layers and uses two voltage sources. The 5 V source is to power the MCU and the

opamp. The 2.5 V source is used to provide a common-mode DC bias to the opamp’s positive

input terminal. All voltages are supplied through the voltage supply header and are routed

through the top and bottom layers. A total of four test points are provided. These test

points are placed at the input and output of each TIA block. To make the device wireless, a

coin cell battery was placed on the back of the board.

25



Cholinergic Wireless Photometry

Figure 2.16: Populated board micrograph.

2.6 Prototype Limitations

Despite this prototype meeting all the design goals listed at the beginning of this section,

there were some inherent limitations with this device. One such limitation was the lack of

wireless power transfer (WPT). Even though a battery was used to make the device un-

tethered, the coin cell adds weight to the device and holds charge for a finite period of time

dependent on the stimulation and measurement period. In contrast, using an antenna to

wirelessly power the device allows for unlimited device life as long as the antenna is within

range of the external transmitting power source. Another related limitation of this prototype

was the lack of wireless data transmission. In the current system, data is stored on the

limited memory of the MCU and periodically downloaded to an external computer when the

battery is being replaced. With an antenna added to address the lack of WPT, wireless data

telemetry can also be implemented through low-power backscatter communication.

Another issue with this device was the decision to go with a COTS design. This design

choice was made to ensure fast and reliable measurement results that would allow us to be-

come familiar with the application and signal characteristics in this application. However, the

tradeoff was higher power consumption. This limitation can be rectified with an integrated

circuit solution as presented in the next section.
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Photometry Device: Integrated Circuit

Prototype

3.1 Design Goals

The purpose of second prototype was to address the drawbacks of the first prototype

and provide additional results to support the Human Frontiers Grant proposal. To do this,

it was decided that the second prototype would be both a product and evaluation board

used to characterize an optical stimulation and recording chip designed and taped out by

two PhD students in our lab, Ian Costanzo and Devdip Sen, for another application. By

measuring a chip, the technical drawbacks of the design could be identified and avoided for

the subsequent tapeout planned for the coming third iteration of the device. The design

criteria for this device retained the first two features from the first prototype comprising

of simultaneous driving of LEDs and measurement of emissions. Adding to these were the

following criteria:

(i) Tapeout IC-design for LED stimulation and optical front-end

(ii) Wireless power transfer (WPT)

(iii) Wireless data telemetry
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3.2 Block Level System

As can be seen in Figure 3.1, the system is made up of two chips taped out by ICAS lab

PhD students (hereon referred to as “Tapeouts”). The system consists of a power management

block which includes a low dropout regulator (LDO) and a bandgap reference (BGR) to

produce the voltage biases used to appropriately bias other portions of the chip. The other

two blocks are an LED driver and an analog front-end that optically stimulate neurons and

record the emissions. These blocks are duplicated in a second channel within Tapeout 1. The

only difference between the channels is in the LED driver block where the second channel

contains an external power transistor to select the LED that must be stimulated, as shown

in Figure 3.1. This was necessitated by the fact that Tapeout 1 only had two LED drivers

while there are three LEDs that need to be stimulated.

To enable WPT, an antenna was included. The antenna output can be rectified through

the active rectifier present on Tapeout 2 or through a COTS rectifier placed on the board.

An external LDO is also included to provide the supply to Tapeout 1. The input to the LDO

can be taken from any of the two rectifier outputs or from an external battery source. In

addition, for characterization of the Tapeout 2 active rectifier, a Sub-Miniature Version A

(SMA) connector is included at the rectifier input.

The final major component on the board is an ATTiny84 MCU. The internal MCU ADC

is used to digitize the AFE output signal. The MCU also provides the driving signal for both

the LED driver as well as the NMOS switch that enables backscatter communication.

3.3 Wireless Power Transfer and Data Telemetry Block

3.3.1 System Design

In the previous iteration of the prototype, a battery was used to make the device unteth-

ered. However, the need to repeatedly charge the battery limited the length of experiments.
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Figure 3.1: High-level illustration of system.

To do away with this limitation, this prototype was equipped with WPT capabilities. To

provide wireless power, a planar antenna was designed to operate with Radio-Frequency

Identification (RFID) protocol at 13.56 MHz. The antenna was designed in the Altium PCB

Designer tool and exported to Ansys HFSS, a three-dimensional field solver software. The

scattering matrix parameters were extracted through simulation and used to import the an-

tenna into an Advanced Design Systems (ADS) schematic. In ADS, a matching network was

generated to match the receiver antenna input impedance to the complex conjugate of the

COTS rectifier input impedance. To transmit power to the board, a power amplifier circuit

was designed on a separate board.

In addition to wireless power, a truly untethered device can also send data without having
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to be plugged in. This is a hard requirement to meet because wireless data telemetry generally

consumes a lot of power, more than can be provided by a WPT circuit. Therefore, to send

data in a low power manner, a backscatter communication technique was chosen. With

this technique, a data signal is superimposed on the power transfer signal by modulating

the receiver power such that the coupled transmitter circuit signal also modulates. In this

board, this was achieved by connecting two power NMOS transistors in series at the input

of the receiver antenna. The microcontroller provided the PWM signal that turns on and off

the NMOS switch through a gate driver. When the switch is on, the inputs of the receiver

antenna are shorted together to ground and this momentary 0 V point is observed at the

transmitter antenna. Therefore, by modulating the shorting of the receiver antenna input,

a binary data stream can be sent back at low-frequencies to the transmitter board. This

modulation scheme is referred to as On-Off Keying (OOK).

3.3.2 WPT and Data Telemetry Lab Measurements

To test the WPT circuit functionality, the transmitter board was driven with a 13.56 MHz

square wave. The transmitter and receiver boards were placed together and the coupled signal

was observed.

Figure 3.2: Plot of antenna signals at the transmitter and receiver board.
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This signal was then fed into the input of the COTS rectifier. At the output of the rectifier, a

1 uF capacitor was added to minimize the ripples at steady-state operation and store charge

to maintain the output voltage.

Figure 3.3: Plot of rectifier output.

To test the data telemetry circuit, a 3.3 V square wave was generated by the MCU and

fed to the gate of the power MOSFET. After testing, it was found that the 3.3 V signal

was not strong enough to effectively turn on and off the MOSFET switch. Therefore, to

provide enough power sourcing capability a TC426 gate driver with a 1.5 A maximum source

current was used. This amount of current far exceeds the required current needed to pull

the gate of the MOSFET down. In a future iteration of this device, a COTS gate driver

with an appropriate current sourcing specification will be used. In addition, a 3.3 V boost

converter will be added to produce the necessary driving signal amplitude on-board without

any external inputs. The driving signal frequency was progressively increased to identify the

highest frequency of operation. With backscatter communication, up to 1 MHz data speed

was achieved. Assuming a bandwidth of 100 Hz based on the spectral frequency plot given

in Figure 2.5, the required data transfer rate can be calculated as x10 of this value which

comes out to 1 kHz. This shows that the backscatter communication is more than capable
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of transferring the output data without compromising resolution. The one issue that was

seen was the approximately 500 mV ringing for the driving signal which was likely due to the

parasitic inductance of the long ground clip of the scope probe. Using a pigtail scope ground

would reduce the wire length and attenuate the ringing.

Figure 3.4: Plot of MOSFET switch driving signal and resulting receiver signal with the
overlaid backscatter data.

3.4 On-chip Power Management Block

3.4.1 System Design

In this block, four power management blocks were included each consisting of an LDO,

a beta multiplier reference (BMR), and a bias generator. This design decision was made to

ensure that each LED drivers and AFE had its own dedicated LDO circuitry.

Diving into the circuit details, a simple LDO topology consisting of an operational

transconductance amplifier (OTA) with negative feedback was implemented. In this circuit,

the feedback voltage divider ratio determines the regulated voltage value. At the output, a

NMOS source follower isolated the load thereby maintaining the amplifier gain which needs

to remain high. Compared to a traditional opamp which has a dominant pole internal to the
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Figure 3.5: Schematic of (A) LDO topology, (B) BMR topology, and (C) Bias Generator
topology.
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first stage, an OTA was used as the error amplifier in this case because it has no first-stage

dominant pole which improves stability. In addition, a large capacitor was placed at the load

to dampen out peaking which can trigger oscillations.

In addition to generating a 1.8 V supply voltage, twelve other smaller voltages were gen-

erated to bias other blocks on the chip. To create these voltages, a BMR and a short-channel

biasing circuit were utilized. These designs are based on circuits presented in [27]. The basic

operating principle of the BMR topology is to create a difference in gate-source voltage (VGS)

between two NMOS transistors by including a reference resistor that degenerates the source.

The voltage drop across the resistor created by this difference in VGS conducts a current

that can be controlled by the size of the output branch transistor or the resistor value. An

amplifier is included in the design to equalize the drains of the two NMOS transistors and,

as a result, decrease sensitivity to supply variations. The Vbiasp voltage from the BMR is

fed into the biasing circuit which in turn produces voltages that can be used to bias different

circuits. The circuits discussed are shown in Figure 3.5.

3.4.2 Power Blocks Post-Layout Simulations

To verify the operation of this circuit prior to taping out the chip, post-layout simulations

were carried out. In the testbench, a 3.3 V signal was supplied to the LDO input. To mimic

a testbench supply, the voltage was slowly ramped to the final voltage instead of being

initialized at 3.3 V. The voltages for each node after stabilizing are shown on the left of

Figure 3.6.
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Figure 3.6: Simulation plot of bias voltages at the output of the BMR and BGR blocks.

3.4.3 Power Blocks Lab Measurements

In lab, a similar testbench to the one used in simulation was setup. A standard DC supply

was used to supply a 3.3 V signal. The voltages measured in lab were comparable to those

found in simulation.

Figure 3.7: Lab measurements of bias voltages at the output of the BMR and BGR blocks.

In addition to checking the bias voltages, line and load regulation plots were also acquired.

The line regulation plot was measured by ramping the input voltage and observing the output.

Similarly, the load regulation plot was measured by setting the input voltage to a constant
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3.3 V and sweeping the load with progressively smaller resistors. The plots in Figure 3.8

show that the LDO remains stable over a large range of input voltages and loads.

Figure 3.8: Lab measurements of (A) LDO line regulation, (B) LDO load regulation .

3.5 Optical Stimulation Block

3.5.1 System Design

Figure 3.9: Schematic of the LED driver topology including external components.

The LED driver topology used in Tapeout 1 is shown in Figure 3.9. A PWM signal

is provided by an on-board MCU at the input of the LED driver. A NAND-NOR stage

either inverts or passes the input dependent on the enable signal value. From there, three

inverters increase the PWM signal drive strength and feed it to the gate of a large power
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NMOS transistor at the output. At the drain of this transistor, an external LED is connected

to ground through a current-limiting resistor. An external inductor is added in series with

the LED to complete the boost converter-inspired topology. When the LED drive signal

is high (i.e. 1), transistor M0 turns on and provides a low-resistance path to ground that

builds up the magnetic field around the inductor. When the drive signal is low (i.e. 0),

transistor M0 turns off and the built-up inductor current is dumped to the LED input node

boosting the voltage above the rated forward voltage. As a result, the LED conducts current

which is modulated by the PWM signal controlling the switching frequency of power NMOS

transistor. To decrease the amplitude of the current pulse, the ON period of the PWM signal

can be decreased. With a shorter period to charge the inductor, the VLED node voltage is

boosted to a lower value which will result in less LED current conduction. Similarly, the

PWM ON duty cycle can be made longer to generate higher amplitude LED currents.

To turn off the LED driver, an PMOS enable switch (transistor M17) is included after

NAND-NOR stage. When this switch is high, the transistor is ‘off’ and input signal passes

to the inverter stage. If the enable signal is low, the transistor turns ‘on’ and pulls the node

to ground through transistor M16.

3.5.2 LED Driver Post-Layout Simulation

Post-layout simulations were carried out to test circuit operation. A 20% duty cycle, 40

Hz square wave was fed to the input of the driver to mimic the MCU-generated PWM signal.

The plots demonstrate the supply-boosting capabilities of the inductor. When the signal

driving the NMOS transistor gate (GNMOS) is high, the transistor is ‘on’ and voltage across

the LED remains at ∼0 V. When the transistor shuts ‘off’, the LED voltage jumps up to 5.2

V allowing current to flow through the LED. The current is set by the series resistor.
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Figure 3.10: LED driver post-layout simulations.

3.5.3 LED Driver Lab Measurements

The simulation testbench was replicated in lab after the chip was received and wirebonded.

The results are shown in Figure 3.11.

Figure 3.11: LED driver lab measurements.
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3.6 Optical Recording Block

3.6.1 System Design

Figure 3.12: AFE topology schematic.

The AFE topology used in this block consists of a differential TIA followed by a variable

gain fully differential amplifier (FDA). The gain of this topology is determined by the ratio

of feedback resistor impedaces. is the assuming a large open-loop gain, we can approximate

the overall AFE gain as follows:

Av(diff) = lim
AOL→∞

Vout+ − Vout−

Vin+ − Vin−
=

Rf

jωCfRfRi +Ri

(3.1)

where Rf and Cf are the feedback resistance and capacitance, Ri and Ci are the input

resistance and capacitance respectively.

The time constant formed by the feedback resistor and capacitor sets the bandwidth.
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3.6.2 Transimpedance Amplifier Topology

Figure 3.13: TIA topology schematic.

The TIA topology used in this chip was adopted from the circuit presented in [28], [29].

This topology can be broken down into three stages based on functionality. The current

sensing stage sets the input DC bias level through a local opamp feedback circuit. The

desired diode bias voltage (Vbiasp and Vbiasm) is supplied from an off-chip source. Due to the

input equalizing capability of opamps A1 and A2, this voltage is mirrored to the TIA input.

Using an external voltage allows for the positive and negative input of the diodes to be set to

different voltages which will manifest in a bias across the photodiode. For applications where

the photodiode must be reverse biased, this can be achieved by setting Vbiasp > Vbiasm. This

TIA does not have a traditional negative feedback loop from input to output. Rather, the

second stage of the current sensing circuit provides the main feedback mechanism. When the

photocurrent increases, the current through the tail NMOS transistors (M1, M2) decreases

and subsequently the gate of the second stage PMOS (M3, M4) stays low. This results in
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more current being sourced by the second stage which pulls down nodes N1/N2. When node

N1/N2 gets pulled down, this causes the first stage active load PMOS transistors (M5, M6)

to source more current for the photodiode. The output branches act as the third stage of the

current sensing circuit and provide the voltage outputs. Current from the photodiode branch

is mirrored to the M3, M4 branch where the transconductance of the transistors M9, M10

convert the current into voltage. Lastly, the common-mode feedback (CMFB) stage works

by averaging the inputs and comparing the result to the common-mode voltage. If either

output goes up, the output of amplifier A3 will turn on the tail NMOS transistors (M7, M8)

and pull the TIA output nodes down to the common-mode voltage.

3.6.3 Pseudoresistor Topology

Figure 3.14: Pseudoresistor topology schematic.

To allow for flexibility in setting the gain and achieve low bandwidths, pseudoresistors

were used in place of traditional resistors for input and feedback. The topology used was
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based on a circuit presented in [30]. In this circuit, four PMOS transistors form the main

pseudoresistor block. The gate voltage of these transistors is biased to the common-mode

voltage (VDD/2) by a differential amplifier. The differential amplifier uses fixed-resistance

PMOS pseudoresistors to achieve a high closed-loop gain. The voltage between terminal A

and B is similarly set by the feedback loop and an external control voltage. The main purpose

of the differential amplifier is to maintain the gate-drain voltage of the PMOS transistors at

a constant value to ensure a linear change in resistance with respect to changes in the control

voltage.

3.6.4 Fully Differential Amplifier Topology

Figure 3.15: FDA topology schematic.

The FDA implemented in this chip was based of a circuit presented in [27]. Similar to

the TIA circuit, this topology can be broken down into different sub-circuits. The main

sub-circuit block is the cascode-loaded differential amplifier which is made up of a cascoded

PMOS and NMOS input stage and a cascoded NMOS tail stage. Contrary to typical design

where the tail stage is designed with two NMOS transistors, this circuit design reduces power
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consumption by requiring only one bias voltage (Vbiasn) to generate the tail current. Cross-

coupled output buffers are added symmetrically to the design to prevent loading and increase

capacitive driving capabilities. Finally, a CMFB circuit is included to maintain the output

DC bias level. This circuit forms a negative feedback loop such that any difference between

the output bias levels is amplified and fed to the gate of the output branch sink transistor.

As a result, the transistor will compensate for the variation by sinking more or less current.

This topology was chosen to match the symmetric nature of the previous stage TIA.

3.6.5 AFE Post-Layout Simulations

Figure 3.16: Pseudoresistor resistance when sweeping the R2 control voltage from 0 V to 1.8
V.

Several post-layout simulations were carried out to verify pseudoresistor operation, iden-

tify the optimal control voltage to maximize gain, and observe the AFE response to real input

signals measured with a fiber photometry system. Starting with the pseudoresistor circuit,

based on the recommendations given in [30] the transistors provide the most gain when the

PMOS transistors are biased in subthreshold saturation. To identify the appropriate control

voltage to achieve this transistor operating region, the control voltage was swept from 0 V

to 1.8 V assuming a DC input current of 2 µA. This input current assumption was made
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based on the average DC value observed when characterizing the photodiodes. As shown in

Figure 3.16, the pseudoresistor value ranges from 50 kΩ to 900 kΩ. The highest resistance

was achieved with a control voltage of 0.4 V.

Figure 3.17: AFE independent and differential output voltage when sweeping the R2 control
voltage from 0.1 V to 0.4 V.

To demonstrate the rail-to-rail operation of the AFE, a 40 Hz square wave with a 2 µA

amplitude was fed into the input of the TIA. The individual outputs as well as the differential

output plots for varying control voltage values is given in Figure 3.17. As predicted with the

pseudoresistor simulations, the maximum gain was achieved at a resistor control voltage of

0.4 V.

Finally, to mimic realistic signal conditions, the fiber photometry brain data used for lab

measurements with the first prototype was loaded into a piecewise-linear current source to

test the AFE functionality under realistic signal conditions. The result is shown in Figure

3.18 where the input photocurrent is replicated at the output.
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Figure 3.18: AFE transient simulation with a real photometry data fed to the input.

3.6.6 AFE Lab Measurements

To test the AFE circuit in lab, the same test bench shown in Figure 2.14(A) used for

the first prototype, was utilized. After multiple cycles of testing, a differential measurement

was not achieved. There were multiple reasons that made getting a differential measurement

challenging. The main reason that can be cited was the short time frame given to learn

and complete wirebonding of the chip. With no previous experience, a large portion of the

time allocated for measurements was dedicated to learning how to properly wirebond. In

addition, since this was the first tapeout produced by the ICAS lab, a double row of pads on

the outer edge was used. In hindsight, this increased the complexity of wirebonding because

it required the back row wires to be looped over the front row wires increasing likelihood of

shorts. When it comes to debugging, the chip was pad-limited resulting in external access

only available for the inputs and outputs. As a consequence, debugging issues with the chip

without being able to probe important nodes such as the bias voltages was demanding. For

these reasons, the chip results were inconsistent and all the input and output pads for any

single AFE tested did not work as expected simultaneously.

Despite these issues, some of the chips did work partially. In one chip, the INM to OUTM
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signal chain functioned as expected, and in another AFE on the same chip the INP to OUTP

signal chain behaved consistently as well. Therefore, to extract results from the AFE, a single-

ended excitation was applied to each of these independent AFEs as shown in Figure 3.19. For

the negative input excitation, the photodiode was used in photovoltaic mode (i.e. with no

reverse bias). For the positive input excitation, a reverse bias was applied to the photodiode

to increase the amplitude of the input photocurrent signal. If the measurement were to be

repeated, the pseudoresistor control voltages would have been changed to increase the AFE

gain rather than reverse bias the photodiode. The results of the single-ended excitation are

shown in Figure 3.20.

Figure 3.19: Comparison between differential and single-ended excitation.

The single-ended excitation does replicate the input photocurrent. However, there is a

clear amplitude cutoff that indicates that the through-hole LED used to mimic the neuron

emissions does not turn on below ∼2.5 V resulting in no signal below this voltage. With

the pseudoresistor control voltage values of VR1C = 0 V, VR1C = 0.75 V used in this

measurement, a single-ended gain measurement was made. The single-ended gain is about

46



Cholinergic Wireless Photometry

Figure 3.20: AFE outputs from single-ended excitation measurements.

10 dB less than the gain produced by the first prototype which is consistent with the observed

amplitude cutoff for the input photocurrent.

Figure 3.21: Single-ended TIA gain bode plot.

A picture of the testbench used for AFE testing is shown in Figure 3.22.
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Figure 3.22: Picture of AFE testbench.

3.7 Board Layout

The PCB layout used in this design is shown in Figure 3.24. The board contains four

layers; top signal layer, ground plane, supply voltage plane, and bottom signal layer. The

majority of the board area is taken up by testpoints added for probing of selected tapeout

pads. An SMA connector was included to allow for feeding of an external function generator

signal to the active rectifier tapeout.

Figure 3.23: PCB layout.
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The tapeouts were connected to board pads manually using a wirebonder machine. A wedge

bonding technique was used with 25 um gold wire.

Figure 3.24: (A) View of chip wirebonded to the board. (B) Zoomed in view of the die.
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Chapter 4

Conclusion

This thesis outlines the development of a two iterations of a wireless photometry device for

the optical stimulation and recording of Ca2+ and ACh concentrations in the basal forebrain

and hippocampus. Chapter 1 describes the motivation for this project, mainly the collection

of quantitative data to substantiate a hypothesis regarding the biological mechanisms that

contribute to the onset of neurological conditions. Chapter 2 delves in detail into the system

design and testing of a prototype made of discrete components. Chapter 3 follows a similar

structure regarding and integrated circuit prototype.

The goal of this research effort was to provide a proof-of-concept with an initial prototype,

then optimize the design with an integrated circuit solution. In-vitro testing demonstrated

that both prototypes worked as expected in comparison to simulation results. The promising

results from these prototype experiments was successfully used in the Humans Frontiers

Grant Proposal that will continue to fund future work in this project.

4.1 Future Work

The ICAS lab is planning a third tapeout that will be integrated into the next iteration

prototype. Based on the research presented in this thesis, there are a number of design

recommendations that can be made. In addition, there are measurements that were not
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carried out for the presented prototypes that should be conducted for future prototypes.

Starting of with the design recommendations, the tapeout used for the second prototype

was originally made for another application. As a result, the bandwidth and gain were not

optimized for a cholinergic signal input. Based on the frequency spectrum of the input signal,

the majority of the cholinergic signal power is concentrated below 20 Hz. In addition, the

expected signal amplitude is around 1 µA based on the fiber photometry data we acquired.

Therefore, a bandwidth of around 50 Hz and a gain of 120-130 dB would attenuate the

majority of out-of-band noise while producing a rail-to-rail output for the signal of interest.

Another improvement that can be made is with regards to the differential TIA. Typically,

the added complexity and power consumption of this topology is justified by the doubling in

dynamic range where the output swings from ground up to 2 · V DD. In contrast, the TIA

design used in the tapeout produced a plus and a minus output that swung from common-

mode to the positive supply rail and ground respectively. The subsequent differential signal

was a rail-to-rail output which can be achieved with a single-ended excitation configuration.

The additional benefits of a single-ended excitation include a simpler design that aids in

debugging during lab testing. Furthermore, fewer transistors in the design reduces power

consumption significantly which is an important parameter in wireless devices. Moving on

the optical stimulation stage, in this design a MCU was used to independently control the

duty cycle and period of LED driver. For the new prototype, incorporating control of the

PWM signal on the chip would be preferred as this would eliminate the need for an external

MCU. Furthermore, the justification for the use of the boost converter topology was because

the forward voltage of the LED needed to be reached while using a 1.8 V TSMC process node.

While this circuit was able to drive the LEDs by dumping stored up current to the LED input

node, an issue that was observed was that the LED voltage never went to 0 V. This means

that the LED driver is ON continuously which wastes power. For future LED driver circuits,

if a boost converter topology is utilized then some method must be devised to discharge

this node or reuse the charge to save power. Alternatively, a 3.3 V or 5 V process node
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could be used to circumvent the boost converter circuit entirely. Finally, in both prototypes

the bleaching was combatted by controlling LED illuminance. Bleaching is an phenomenon

where the neuron gets desensitised and stops emitting light when overstimulated. While the

approach used is acceptable, a more accurate way of avoiding bleaching is to use a current

sense feedback to ensure that the LED illuminance remains constant over long measurement

periods, another feature to be incorporated in future prototypes.

Moving on to the future measurements to conduct, the final goal of this project was

to design a device capable of being used by research labs to measure cholinergic marker

concentrations in the brain of live animal models. To do this, an in-vivo experiment with

mice would have to be done. The main barrier to doing such an experiment with the current

prototypes was the lack of a shank. The shank allows the LEDs and photodiodes to be

implanted in the brain. The design and production of a shank is outside the expertise of the

ICAS lab, therefore we would have to collaborate with a third-party lab or company.
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Appendix A

TIA Stability Analysis Plots

Feedback Stability Analysis Plots:

Figure A.1: 520 nm photodiode first-stage TIA open-loop response and feedback response
with and without the feedback capacitor.
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Figure A.2: 520 nm photodiode second-stage TIA open-loop response and feedback response
with and without the feedback capacitor.

Figure A.3: 620 nm photodiode first-stage TIA open-loop response and feedback response
with and without the feedback capacitor.
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Figure A.4: 620 nm photodiode second-stage TIA open-loop response and feedback response
with and without the feedback capacitor.
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Transient Stability Analysis Plots:

Figure A.5: 520 nm photodiode first-stage TIA transient square wave input and output plot.

Figure A.6: 620 nm photodiode first-stage TIA transient square wave input and output plot.
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AC Stability Analysis Plots:

Figure A.7: 520 nm photodiode first-stage TIA AC stability plot when parasitic capacitance
is swept.

Figure A.8: 620 nm photodiode first-stage TIA AC stability plot when parasitic capacitance
is swept.
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EMBS Conference Paper
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