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Abstract

The global prevalence of diabetes mellitus is rising rapidly, increasing the demand for reliable and
accessible care. Current glucose monitoring solutions are often expensive, invasive, and uncomfortable,
limiting their accessibility, especially in middle and low-income countries. This thesis presents the
design of a compact, low-power, and continuous glucose monitoring (CGM) system with Bluetooth
and separate electronics and sensor. The design integrates a potentiostat with a custom analogue
pre-processing circuit, implemented on a printed circuit board (PCB).

The system supports Bluetooth Low Energy (BLE) communication for low-power wireless data
transmission and is powered by a dual-coin-cell battery system designed for two weeks of operation.
Furthermore, emphasis is placed on noise minimization and analogue-domain preprocessing to reduce
power consumption, reduce measurement latency, and improve measurement accuracy. This was done
with a trans-impedance amplifier, a non-inverting amplifier, and an integrator for signal condition-
ing. A classical potentiostat architecture was selected over more complex ASIC-based approaches for
feasibility within the scope of the thesis.

Prototypes were tested using gold electrodes and phosphate-buffered saline with known analyte
concentrations. Even though there were limitations barring full-system validation, the design demon-
strates at least partial functioning and serves as a foundation for future refinement and integration.
This work intends to contribute to the development of accessible CGM devices that balance clinical
accuracy with real-world usability.

keywords: Continuous Glucose Monitoring (CGM), Bluetooth Low Power (BLE), Printed Circuit
Board (PCB), Diabetes Mellitus (T1DM, T2DM), potentiostat, analogue filtering, wearable device
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1 Introduction

This chapter introduces the context, motivation, and societal relevance of continuous glucose monitor-
ing and outlines the key objectives and design criteria of the proposed system.

1.1 Purpose & Relevance

Research indicates that there will be 300-380 million adults with diabetes in 2025. Furthermore, Shaw
et al. predict a worldwide increase in diabetics of more than 50% by 2030. This is a rapidly growing
group of people in need of daily care. This care is heavily dependent on information on patients’
glucose levels. This information is crucial for both the patient and their healthcare provider to make
informed decisions regarding their care. [1]-|3]|

However, glucose monitoring is inaccessible to most people suffering from diabetes. Firstly, measur-
ing blood glucose directly by drawing blood poses the risk of infection. Secondly, the cost of continuous
monitoring is often still too high for patients to afford. Thirdly, contemporary methods of continu-
ous glucose monitoring still pose substantial discomfort, which discourages patients from treatment.
Finally, to reduce the negative health impacts of diabetes as much as possible, measurements should
also be reliable and easily usable. [4]-]6]

Moreover, in recent years, there has been increasing interest in user health electronics for sports.
This has opened up another market for comfortable and easy-to-use glucose monitoring devices. These
can help athletes not only monitor their daily performance and health, but in the future, these sensors
could also be used to detect bio-markers for diabetes early in healthy adults without affecting daily
function and comfort. 7], [§]

There is great potential for wearables as tools used by the general public. These tools can be used
to monitor general health and optimize lifestyle decisions. [9]

1.2 Objectives

This design intends to combine several unique features in one product in order to address the points
of section [[L.1} These are

e Bluetooth functionality,

Separated sensor and electronics,

e Miniaturized electronics,

e Analogue filtering, and

e Minimal Noise.

These features informed a program of requirements given in Chapter [3] Moreover, the analogue

pre-filtering approach allows for unique predictive filtering methods, which could improve the quality
of medical intervention (i.e., time and quantity for injection of insulin). [10]



2 Background

In order to design a simple and effective glucose monitoring device suitable for patients with Diabetes
Mellitus, it is important that the underlying physical phenomena are well understood. In this chapter,
the most important background information regarding the biological, medical, and technological front
is explored.

2.1 Diabetes Mellitus

The primary market for the continuous glucose monitor (CGM) is that of people affected by Diabetes
Mellitus. The monitoring of glucose allows patients to self-regulate their blood glucose levels using
different health regimens.

Diabetes causes 5 million deaths worldwide yearly. 90% of these have senile diabetes (T2DM) in
which the body becomes resistant to insulin. The other 10% has juvenile diabetes in which the body
is unable to produce insulin. [10]

According to the World Health Organisation (WHO) 14% aged 18 and older in 2022 suffered from
diabetes mellitus. Moreover, the treatment coverage was lowest in low- and middle-income countries,
and more than half of the people with diabetes remain untreated. [4]

The WHO lists the primary symptoms of diabetes as:

e Feeling very thirsty,

Needing to urinate more often than usual,
e Blurred vision,
e Feeling tired, and

e Losing weight unintentionally.

In addition, diabetes mellitus has many co-morbidities. E.g., over time, diabetes can damage blood
vessels in the heart, eyes, kidneys and nerves.

T1DM; Juvenile Diabetes

Type 1 diabetes mellitus (T1DM) is an autoimmune disease that destroys insulin-producing pancreatic
B-cells. T1DM is amongst the most prevalent chronic childhood illnesses, affecting approximately 1 in
every 400-600 children and adolescents. [11]

Patients with T1DM must undergo complex and intrusive daily treatments. Invasive treatments
can have negative impacts on quality of life. [12]

T2DM; Senile Diabetes

Type 2 diabetes mellitus (T2DM) is a metabolic disorder typified by a constant state of hyperglycaemia.
In T2DM the body becomes unable to use insulin properly.

Senile diabetes is associated with a reduced life expectancy due to risk of heart disease, stroke,
peripheral neuropathy, renal disease, blindness, and amputation.

In contrast with T1DM, T2DM cannot be treated using artificial insulin. However, though more
prevalent in adults, the prevalence of T2DM is also on the rise in children and young adults. [4]



Monitoring

In short, glucose monitoring is an essential resource for diabetics which is not yet accessible to most
prospective patients.
According to Ribet [10] there a three important considerations:

1. Damage is caused by large oscillations rather than constant hypo- or hyperglycemia. Therefore,
it is important to measure consistently over time, not miss oscillations, and act quickly,

2. Regular pricking for direct blood glucose measurements (for the purposes of monitoring or cali-
bration) exposes patients to a higher risk of infections, and

3. Pain and discomfort may often result in reduced patient compliance.

Thus, it is highly important to maximize the patient safety and comfort. For example, this can be
done by reducing the size of the CGM and thereby the obstruction it poses. Or, reducing the amount
of calibration points needed for accurate measurements can also improve patient safety

In order to achieve widespread distribution of care, the following requirements must be met:

1. Reduce the monetary cost,
2. Minimize the invasiveness and discomfort, and

3. Improve reliability.

2.2 Interstitial Fluid & Blood Glucose

Ribet [10] also stipulates the role of interstitial fluid (ISF), which makes up a quarter of the water
contents of the human body and can be found in virtually any interstitial space in the body. In
addition to water the ISF contains salts, glucose, small proteins, lipids, amino acids, fatty acids,
hormones, neurotransmitters, and other small bio-molecules. The sensor that will be used will reach
only the dermal layer of the ISF, therefore the dynamics between the blood glucose and ISF must be
considered if one is to monitor the user’s current glucose concentrations.

To this end digital processing will be applied after measurement. The digital processing is done
according to a biochemical model of the dynamics between blood glucose and ISF glucose dynamics,
enabling the determination of blood glucose concentration (BG). The mechanics and implementation
of this model is outside of the scope of this design. [13]

2.3 Overview of electrochemical sensing

Electrochemical sensing is a technique to detect and measure the concentration of specific chemicals
electrically. Fundamentally, it concerns an oxidation reaction at an electrode surface, resulting in an
electrical signal that is proportional to the concentration of a specific substance, the analyte.

Some electrochemical processes require catalysts (e.g., enzymes) to take place, while others can
occur independently. However, a forward voltage must be applied at an electrode to induce the
oxidation of the analyte. This forward voltage is dependent on several factors, including the material
of the electrode, the pH of the solution, and the analyte. [14]

Then, when the oxidation takes place, a current will be induced in the electrode from which the
concentration can be inferred. This current is governed by the Cottrell equation, which relates the
sensor and reaction characteristics to concentration. [15]



3 Program of Requirements

In this chapter, the specifications and requirements for the system are specified. The goals are separated
into functional and technical goals. A functional goals specify the tasks and limitations that must be
met or performed. A Technical goal is quantitative. These specify exact parameters (size, voltages,
ranges, etc).

3.1 System Requirements

The current International Organization for Standardization (ISO) guidelines [16] require a +£20% res-
olution, when accounting for noise it would have a resolution limited +5% but this can be eliminated
by filtering. At therapeutic levels (i.e., higher than in average individuals) of AA and UA the have a
maximum introduced error is lower than 2.5% from the sensor. Overall ISO 15197:2013 gives a min-
imum 95% accuracy which corresponds to +15 mg/dl, meaning that at most the potentiostat circuit
may introduce <2.5%.

For the electronics system the program of requirements is given by Table

Functional Technical

- Realizable in a relatively short time frame - Deliver 500mV to electrochemical cell

- Minimal added error - Deliver 5V to Bluetooth module

- Read out the sensor - PCB maximum size of 40mm diameter

- Perform analogue filtering - Less than 2.5% (£7.5mg/dLS) added error
- Transmit current value over Bluetooth - Battery functional life-time of >2 weeks

- Rechargeable - Wireless communication over 0 — 20 meters

- Measure every one out of ten minutes
- Store concentration values temporarily

Table 3.1: Program of Requirements.

3.2 Sensor Specifications

In order to understand the requirements of the potentiostat circuit, first the Sensible sensor specifica-
tions must be understood. Ribet et al defined the sensor specifications as seen in Table [17]

Functional Technical

- Electrodes in ISF dermis layer - Linearity up to 200 mg/dL

- Measure glucose as current - Sensitivity of 27.2 nA /mg/dL

- Linear functionality in the relevant range - Maximum current of 16.76nA

- Minimally invasive - Reaction time of 10 mg/dL/min
- Non-harmful to the patient - In vivo lifetime of two weeks

Table 3.2: Overview of sensor specifications by Ribet et al.

These restrictions will inform design decisions during the process. L.e., it must be considered whether
a certain circuit can handle such small currents without great losses of accuracy and smallness.



In order to minimize the added error, there must be pre-processing steps. There are two very
important steps to this: integration and filtering the noise. The integration has to take place over
specific intervals to obtain the charge @ that is the solution to the integral of the Cottrell equation
without interference from other charges.

3.3 Overview

In the following section an overview of the system is shown and explained. The overview of the analogue
processing stages are shown in the diagram in fig

ON\OFF [Integration window]

Cottrel current Cottrel Charge
WE |
I
2 ; Preprocessing Bluetooth Module j7Data Out (BT)
(}5) RE Potentiostat [XIAO nRF52840]
CE |
T ON\OFF I

Figure 3.1: Block diagram of the implementation of the system.

Firstly, there is the sensor block containing the electrodes. With these electrodes the Cottrell
currents are measured in the electrochemical cell. The electrodes are connected to the potentiostat
with which their potential is enforced and the out coming current is amplified. More information about
the sensor can be found in Section .4l

Then, The potentiostat stage. This stage must ensure certain electrical conditions in the sensor
are enforced such that sensing can take place. Moreover, it amplifies the resulting current before
passing that to the preprocessing stage. This stage can be turned off by the microcontroller when not
measuring. This stage is further elaborated upon in Chapter [5.1

Then, the preprocessing stage. In the preprocessing stage all signal conditioning and filtering steps
are contained such as filtering, further amplification, and integration. The preprocessing stage can
also be deactivated by the microcontroller. Specifically, this is done at the integrator such that the
microcontroller can control the integrator charging and discharging behaviour. After preprocessing
the Cottrell current is integrated, thus the Cottrell charge is passed to the microprocessor. This is
elaborated upon in Section [5.2

Finally, the microcontroller is the communication and control unit of the circuit. This stage can
control the other stages for measurements and transmit the measured data wirelessly. The micropro-
cessor also stores data in case a connection cannot be established. Moreover, this stage also includes
the power source (i.e., removable rechargeable batteries) with which the rest of the system is powered.
More information about the microprocessor and power supply can be found in Chapter [4



4 Hardware Platform

4.1 Microcontroller

For the microcontroller the most critical feature is the size, ideally, the processor used should be
only as large as the sensor (< 20mm). Moreover, the wireless transmission should consume as little
power as possible in order to conserve battery charge. To this end, the selected processor is Seeed
XIAO nRF52840 as seen in fig This is a microprocessor with extremely low sleeping current
usage ( 5uA) and small surface area. Moreover, it has built-in low-power Bluetooth functionality, 256

kilobytes RAM, and two megabytes onboard Flash.

Reset [ .
USER LED
Buon —
() seeed!
6 Dof IMU \M(iq IAD-nRF52840

KE CEL

FCC 12 Z4T-XIAONRFS2840

N <250 |

Bluetooth PDM
Antenna Microphone

0%8Z544U OVIX @ @

olpnis po9as ¢ e

Figure 4.1: XIAO nRF52840 Sense front and back indication diagram

The board has 6 ADC analogue input pins where outputs from the potentiostat can be digitalized and
transmitted. These six pins expect a voltage from 0-3.3V (which gives another technical specification

for the output signal).

In testing the ADC ports are reliably linear as seen in Fig [£2] As a result, no external ADCs

required.

ADC input vs. output

Voltage (V)

—— ADC output signal
~== Function generator signal

o 200 400 600

Figure 4.2: ADC output vs.

800 1000
Time (ms)

1200

1400 1600 1800

input for 0.1 - 0.3V such that the quantization levels can be seen



4.2 Battery & Power management
For power management, several things must be accounted for

e Voltage drop related brownouts,
e Maximal continuous current,
e Total capacity, and

e Rechargeability.

The processor supports multiple different modes of transmission. It can achieve different ranges of
communication at different levels of power and current consumption.

The bottleneck limitation is the current requirements for Bluetooth transmission. The micropro-
cessor mentioned above has two voltage input ports with different limitations. Importantly, the VBUS
(5V) input requires a lower current for transmission.

4.2.1 Battery

For this reason two 3 volt batteries with 220 mAh each were selected giving a total of 6 volts and
440mAh (T.e., CR2032). This gives the maximal total continuous current in Equation (4.1J).

440[m AR)
24[h] - 14[days]

However, because the measurements will take place for one out of every ten minutes, the maximal
continuous discharge may be as high as 11.8mA. The sensor will only be turned on for 11% (10% with
1% margin)of the 336 hour lifetime. To turn minimize power outside of operation, the MCP6004 is
connected to the battery via a MOSFET switch controlled by the microcontroller.

= 1.3[mA4] (4.1)

440[mAh]
24[h] - 14[days] * 0.11
Thus there should be enough current to allow for all ICs including the microprocessor to function
correctly during active periods if the power consumption is assumed to be negligible in the inactive

periods. Note that the actual battery-life time is found in Section [5.3.6] to be 26.5 days due to power
draw from the integrated circuits and efficiency of the voltage regulator.

= 11.8[mA] (4.2)

4.2.2 Voltage Regulator

Due to the requirements of the Xiao microcontroller (and other ICs typical requirements) a voltage
regulator is required to transform the 6V input into a 5V output to the circuit. For this reason a
simple 5V voltage regulator was used. The circuit can be seen in fig [£.3]

+ 6V —
ow A R A
1Q
—_ 0dp 5v ref —_0.1p
. out gnd
+
5V ——0.lp

Figure 4.3: Circuit for battery and 5V reference output to circuit

Where values for coupling capacitors and input impedances were chosen according to component
reference sheet [18].



4.3 Wireless Communication

For the wireless communication capabilities the Bluetooth protocol was selected because of its ap-
propriate communication range and the broad compatibility with user devices. Moreover, the Xiao
microcontroller that is being used for this implementation of the design has built in low power Blue-
tooth (BLE) functionality.

4.3.1 Limitations

The Xiao Bluetooth module is configurable from -20 dBm to +8 dBm, in 4 dB steps. In order to
estimate a range for BLE in real world situations where there is interference from external sources.
Moreover, the throughput of the system is greatly affects and is affected by the range, being significantly
dependent on the bit error rate (BER) [19]. Based on this we can estimate considering inside and
outside conditions that we have ranges as seen in table 20]

Current Requirements Power Range
14.8 mA +8dBm  30-40m
9.6 mA +4dBm  20-30m
4.8 mA +0dBm  10-20m
3.1 mA -4dBm  <10m

Table 4.1: Xiao microcontroller BLE ranges over different power requirements.

Based on this, the 4.8mA and 3.1mA modes are most appropriate as the maximal current at any one
time should be less than 6mA and according to the aforementioned requirements the aim is to have
communication at a range up to 20 meters.

4.4 Sensor

In order to achieve a minimally invasive sensor as specified in Section [3.2] nano-scale sensors are used.
These sensors allow for nano-scale needles that minimize discomfort for patients and risk for infection
like with pricking blood.

Specifically, the design hereafter is intended to be used with the electrodes as outlined in the 2018
paper by Ribet et al. The sensor proposed therein has an order of magnitude of micrometers. In
Figure [£:4] and Figure [£.5] the sensor and electrodes are shown. As the magnitude of the measured
current is proportional to the surface area of the electrodes, this will inform the design.|21]

Developed

sensor

State-of-art
sensor

Electrodes

Figure 4.4: SEM image comparing the sensor Figure 4.5: Close-up view of the microneedle
realized by .Rlbet et al., compared ‘fVlth a state-of- opening. For visualization purposes, the opening
the-art device (Abbott Freestyle Libre). [21] has been enlarged by laser ablation to display the

three-electrode sensor inside the microneedle lu-

men.



5 Circuit Design

5.1 Potentiostat

The potentiostat is an electronic sensor which measures and controls the voltage difference between
two electrodes, the working electrode and the counter electrode. The potentiostat typically functions
according to a cyclic voltammogram. Meaning that there is a certain potential for which the forward
(oxidation) half-reaction takes place at the working electrode, and some reverse energy for which the
reverse (reduction) half-reaction takes place at the counter electrode. From the voltametric results
physical properties can be determined (i.e., the glucose concentration).

5.1.1 Mechanism

The most common potentiostat configuration is a three electrode system consisting of a working elec-
trode (WE), counter electrode (CE), and reference electrode (RE) or a pseudo-reference electrode
(RE). The potentiostat circuit as shown figure serves to enforce a potential difference between the
working (WE) and counter electrode (CE). Ideally, this is achieved with minimal loss caused by the
medium between the electrodes. This loss is called the Ohmic drop (IR). Positioning the reference
electrode closer to the working electrode will lower the Ohmic drop [22].

0.03

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

E/V

Figure 5.1: Example cyclic voltammogram by
Bogdan et al [23|. Including the forward peak,
half peak, and reverse peak potentials.

Figure 5.2: Schematic drawing of the simplified
circuit diagram for a three-electrode potentiostat
system.

The enzymatic mechanism specifically relevant in this work is that of glucose oxidase (GOx) as seen
in Equation (5.1). This reaction supplies the hydrogen peroxide molecules needed for the oxidation
half-reaction seen in equation ([5.2)), which takes place at the working electrode [21].

Glucose + Oy 225 Gluconic Acid + Hy 0, (5.1)

500 mv vs-IrOx
——_)

H204 2HT + Og + 2¢~ (5.2)

while at the counter electrode the current flow is balanced by the reduction reaction [17]:

2HT +0.505 +2¢~ — Hy0 (5.3)



The oxidation reaction at the working electrode in equation (5.2)) requires that there is a 500mV
potential drop from the working electrode to the reference electrode [21]. Moreover, Ribet et al |21]
gives specifications for the electrode composition:

Working Electrode. Platinum (Pt) electrode biased with 500mV with reference to the pseudo-
reference. Because the GOx mechanism requires oxygen, there must be an abundance of oxygen
at the working electrode.

Pseudo-Reference Electrode. Integrated iridium oxide (IrOx). Compared to a commercial
Ag/AgCl reference electrode the Iridium Oxide psuedo reference was confirmed by Ribet et al
to perform satisfactorily.

Counter Electrode. Platinum (Pt) electrode responsible for closing the electrical circuit.

Ribet et al, have realized several topologies and areas for the potentiostat probe. The process of cyclic
voltammetry was used, to form the oxide layer on the iridium pseudo-reference electrode.|10]

The potential measured by the potentiostat is dependent on the diffusion of molecules in the
substrate (i.e., the ISF). This diffusion typically takes place in regions as seen in figure These
regions are the compact layer, diffuse layer, and diffusion layer. Because the potential measurements
are dependent on the ions located in the compact layer, the concentration of the oxidized molecules in
the bulk has to be extrapolated from the concentration at the electrode surface.

5.1.2 Circuit

Requirements

The potentiostat serves two central purposes. It must enforce a 500 mV potential over the WE-RE
electrode and measure the charge resulting from the electrochemical process.
To achieve this, the following properties of the circuit are important:

e The current passing CE must equal WE; By extension, the current into RE must be zero amperes,

e charge generated by the chemical process must be amplified and supplied to the pre-processing
blocks, and

e Power usage must be minimal.

Thus, a circuit must be designed with a feedback loop which will make the value at the RE electrode
must always oscillate closely around the selected value (i.e., 500mV’). Then at the output (The WE
electrode) there is a transimpedance amplifier that turns the output current into a voltage with a gain
factor G = —Ry. This output voltage V5, will then be integrated by the integrator and passed to the
Kalman filter in order to make predictions. These implementations can be seen in fig

Decision-Making

For the potentiostat there are many possible implementations. Many novel methods for these imple-
mentations have great advantages in power or precision. However, most of these implementations are
done with an application specific integrated-circuit (ASIC) and have a great depth requiring more time
to fully explore. Due to time constraints, ASIC was not within the scope of the design. For future
works and transparency an overview of options that were considered at the exploratory stage are given
below

The classic design denotes the fundamental potentiostat. That is, a circuit as described in fig 77?.
This circuit can be readily implemented using ICs and analogue components. Typically this is a more
simple but reliable implementation. [24]

The current mirror architecture works similarly to the classic implementation but the measured
current is measured via mirrored current. This way at the cost of introduced error, power can be
conserved. This would be implemented with an ASIC. [25]

The chopper with fully differential architecture is an implementation with a different struc-
ture than the classical implementation. Here a differential architecture enforces a lower voltage at the
RE electrode, which causes the forward reaction at the WE electrode. This architecture allows for

10



more precision in control and measurement but is more costly in terms of power. This can be done
with ICs and as ASIC. |26]

The digital regulation loop is the most unique application where the potentiostat is implemented
without amplifiers. This is a unique method that allows for low power consumption and high precision
but it is also difficult to implement and highly complicated. This can only be reasonably implemented
as ASIC. [27]

In table the features of the possible implementations are compared and contrasted.

Criteria Classic Current Mirror Chopper Digital
Size (non-ASIC) +2 -2 -2 -2
Feasibility (scope) +2 -1 -1 -1
Low noise 0 +1 +2 +1
Power usage -1 +2 0 0
Resolution 0 0 +1 +1
Control precision 0 0 +1 0
Simplicity +1 -1 -2 -2
Total +4 -1 -1 -1

Table 5.1: Harrison decision profile for proposed stages of the pre-processing circuit. Here positive score
represents a positive effect (i.e., a >+1’ for power usage means the stage is low power). Ordered from most to
least important.

Thus, given that an ASIC implementation is no within the scope of this design, the classic imple-
mentation of the potentiostat is the most appropriate choice of architecture.

Implementation

The fundamental mechanism for the implementation of this circuit is a feedback loop. To satisfy the
requirements given above, a simple operational amplifier suffices. Thus, one is placed between RE
and CE such that the current in the reference is zero and both RE and CE are driven to have a zero
potential. A resistor at the output of this amplifier is added to increase stability in this feedback loop.

WE Ry
MCP6004 B Vout
500mV

Figure 5.3: Schematic for Potentiostat.
At the other electrode, WE, 500mV is forced by a transimpedance amplifier which converts the

current resulting from the electrochemical process in the cell into a voltage that can be integrated over
by the integrator. The circuit was thus designed as seen in Fig [5.3]

11



5.2 Pre-processing

5.2.1 Requirements

The analogue pre-processing circuit has several important purposes. These are

e Amplify the output of the potentiostat,
e Integrate the value to find the charge, and

e Contain noise within set specifications.

To achieve this, several key requirements must be met.

Based on the nano-scale of the surface area of the electrodes on the sensor, an order of magnitude
of 1079 was assumed for the output current of the potentiostat. Accordingly, the cumulative gain of
the pre-processing stages should lift this magnitude to a scale of 10~! to 10~2 to be digitized at the
ADC.

Furthermore, the signal must be integrated without saturating too quickly. If the signal does
saturate, information is lost. Moreover, the charging time should be appropriate for the window in
which the measurement is done.

Finally, when choosing values in the pre-processing stage, these must not be too large. Large
impedances induce greater noise, especially those in feedback paths, as these paths are amplified even
further.

5.2.2 Decision-Making

Initially, three potential stages with different purposes were proposed for pre-processing. These are

Integrator,
e gain stage,
e passive fitering, and

e Kalman filter.

Firstly, the current should be integrated to obtain the charge, this can be done digitally or analogue,
but in the analogue domain it costs less time. Secondly, an amplification stage would be useful to
amplify the signal such that the complete range of the ADC can be utilized. Finally, a Kalman filter
would allow for minimum error filtering and predictive capability in order to minimize time delay
between the actual blood glucose concentration and the read value. [28]

Criteria None Integrator Gain-stage Kalman filter Passive filter
Noise filtering -1 +1 +1 +2 +1
Size (small) +1 -1 0 -2 +2
Resolution -1 0 +2 0 -2
Power usage +2 -1 -1 -2 0
Usability -2 +2 0 +2 -2
Simplicity +2 +1 +2 -2 +2
Total +1 +2 +2 0 +1

Table 5.2: Harrison decision profile for proposed stages of the pre-processing circuit. Here positive score
represents a positive effect (i.e., a *+1’ for power usage means the stage is low power).Ordered from most to
least important.

Based on the total value of the columns of the decision matrix seen in table it can clearly be seen
that the largest positive impact is given by the gain stage and the integrator stage.

Thus, to minimize the error and noise to within the specified limit (2.5% added error at the output)
the integrator and amplification are implemented to reduce noise.
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5.2.3 Integrator Mechanism

The Cottrell equation which describes the current flowing out of the potentiostat at forward potential
is given in Equation (5.4)).

nFADY2(C,

T1/241/2
For digital processing, it is good to consider the integral form of the Cottrell equation as seen in
Equation . This is done because the relevant signal frequency spectrum is smaller than the noise
spectrum, therefore the integrator acts as a sort of low-pass filter which excludes high-frequency noise
from the calculations hereafter.

I(t) = (5.4)

1 (T nFADY?
/ r Co (5.5)

Qavg = T T1/241/2

It is very important to consider the correct integration window size as this directly impacts the
quality of the signal-to-noise ratio (SNR). After the window of integration has passed, the value is held
by the microprocessor and transmitted or stored.

The integration is done in the analogue domain for two important reasons: it will cost less time
to filter in analogue domain and will reduce the amount of data that must be transmitted over the
wireless connection (n.b. wireless transmission has the highest power cost per unit time of all circuit
operations). Therefore, this is highly beneficial in power consideration and calculation time.

5.2.4 Integrator Circuit
Requirements

The integrator circuit is intended to find the integral of the current measured over the output of the
WE electrode such that the total charge can be found. There are two important factors to consider
for this:

e Integration window,
e On / off switching, and

e Saturation.

That is, it must be possible to select a window by switching the integrator on and off. Moreover, the
window must be selected well as this greatly affects the SNR. Thus, values for the passive components
must be chosen accordingly as the output could saturate if the time constant is too short and the
capacitor is charged fully too quickly.

Implementation

The circuit used to implement the intended functionality specified in the last section can be seen in
Figure. An image of the circuit is shown in [5.4]

In Appendix [C] circuit analysis is used to find expressions for the output voltage when integrating
or discharging.

5.2.5 Amplification stage Circuit

Requirements

The amplification stage has two requirements. First, is must be able to implement a gain somewhat
flexibility. This is to allow the gain-factor to be changed should the requirements change retroactively.
Secondly, the topology should be non-inverting. This is important since the trans-impedance amplifier
and integrator are both inverting.
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Figure 5.4: Integration Circuit Schematic.

Mechanism

The gain of the trans-impedance amplifier Agans.imp is calculated in Appendix [A| with Equation (5.6).

A=R; (5.6)

A resistor valued at Ry = 22k} is selected. Which gives an amplification of 22k.
The gain of the integrator is calculated in a similar fashion in Appendix [C] This gain is bound
by the physical size of the capacitor C'y and the time-constants calculated in the same appendix. In

Appendix |C| Equation (5.7) was found.
1

R.Cy
Lastly, the gain of the gain stage is found in Appendix [B] as:

A = (5.7)

_1+& fiq
- R, Ry

Combining gains (5.6)), (5.8), (5.8) with the gain requirement (5.14) in Equation (5.14]) gives:
1 R,

Ry - .
7"RiC; R,

NRa

Again

=92.10°

(5.9)

Using Ry = 220k, Ry = 220k, and Cy = 22uF' it can be found that:

R
2 =22k
Ry,

So, a resistor R, = 22k() and R, = 1Q2 were selected to full-fill the gain target.

(5.10)



5.3 Design Consideration

5.3.1 Voltage Regulators

As previously clarified in section a shunt voltage regulator is used to supply the ICs with a supply
voltage of 5 volts. Moreover, a precise low-voltage reference is used to set the forward voltage.

These were used instead of voltage dividers to conserve power, as voltage dividers consume power
continuously, especially directly at the output of the battery. In Equation , the power relation
of the voltage divider is highlighted.

Pdivider = PR1 + Pload + PR2 (511)
Vicad"

=Ip,” Ri+ 5~ +1Ir,” Re (5.12)
Rload

Thus, we can characterize the efficiency as in Equation (5.13)).

Pload _ Woad2
Piotal  Ripad(R1 - Ir,> + Ra - Ir,) + Viead®
As the regulators are designed for low power functioning, it is a valid assumption that 7yegulator >

Ndivider- Moreover, the efficiency of a divider is dependent on the impedance of the load and the current
drawn, which are not reliable for specifying power consumption. Thus, voltage regulators were used.

Ndivider = (513)

5.3.2 Integrator Time-Constant

In Appendix@the time-constant of the integrator was found as 7 = C'y Ry. This introduces a constraint
on the values of these components. Pol and Menkveld [29] specified a maximal integration window of
one minute. Therefore, 47uF and 220k€) were selected. These values give a maximal charging window
of 51.7[s].

5.3.3 Gain Constraint

One of the requirements for the pre-processing is to take the current output from the cell, into the
range of the microcontroller ADC. The ADC has a fixed range of 0V — 3.3V. If it is assumed that the
output current of the chemical cell is in the nano-ampere ranges the gain needed can be calculated as:

2V

Are = TAn 1n0_0 A
9710010794

=20 x 10° (5.14)
via the product of all the series amplifications; corresponding to the trans-impedance amp[A] integrator
and gain stage ??. This equation is given as Equation (5.15)).

Atrans.imp : Again : Aint = Areq (515)

Thus we must find an amplification factor Ayq;, which results in a total cumulative amplification
of 10°. The amplification of the integrator stage was justified in Appendix |[C|as Equation (5.16).

1

A = o
" RyCy

(5.16)

Using the values necessitated by the time-constant, the amplification factor is found to be Ay, =
0.09. The gain stage and trans-impedance amplifier must therefore exhibit a combined gain of Agajy -
Atrans amp = 0.22 x 10%. A trans-impedance gain of 22k and a non-inverting gain of 10k and are used
for a total gain of 0.22 x 10°. These gains are implemented via a two feedback resistors Ry = 22k
and R, = 10k€.
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5.3.4 Coupling Capacitors

The circuit features numerous coupling capacitors. DC-coupling is added to add reliability to the
power-supply of the MCP6004. The data-sheet |30] specifies that a 0.1uF capacitor should be placed
within 2mm of the input terminal. Additionally, an AC-couple is added between the output of the
trans-impedance amplifier and the input of the amplifier. The goals is to filter the signal of the 500mV
bias. Discussion of the origin of the bias can be found in Appendix [A]

5.3.5 Noise

The total noise factor is given by

G2 (G1G2)?2  (G1Gy---Gp)?

Doing this calculation with gains and input-referred noise densities found in Appendices [A] [B]
gives a final input referred system noise of 57.3[nV/v Hz]. This noise fits within the technical
specification of 2.5% error under the condition that:

57.3[nV/vHz] - VB
57.3[nV/vVHz] - VB + Irwms,in

Frota = F1 + (5.17)

< 0.025 (5.18)

The integrator topology with the chosen values will have a cut-off frequency of f. = (2rR;Cy)~! =
0.014[Hz].
Entering this into Equation ([5.18) gives a maximal RMS input current of

TRMS,min = 8.36[nA] (5.19)

This result is satisfactory, as it was earlier assumed that the output current of the cell would be in the
100[nA] range. |10].

5.3.6 Power

The main consumption happens in the MCP6004. All passive components can be shown to have
a negligible power consumption (uW range). To simply calculations, only the quiescent current of
the MCP6004 and the power-usage of the Xiao microcontroller is considered. The MCP6004 has a
quiescent current of 100mA/amp |30]. The Xiao microcontroller has a sleep-mode with a current draw
of 51 A and an active current consumption of 4.8mA. The average power consumption of the MCP6004
and Xiao with a 11% on-time given in Equations and .

Ix1a0(avg) = 0.11 - 4.8[mA] 4 0.89 - 5[uA] = 0.53245[m A] (5.20)
Inicp(avg) = 0.11 - 0.4[mA] 4 0.89 - 0[uA] = 0.044[m A] (5.21)
Using these values the maximal lifetime of the battery is given Equation ([5.22)).

_0.833 - 440[mAh]
~ 0.576[mA]

From this it is calculated in Equation (5.23) that the minimum capacity possible to sustain this
circuit for 336 hours is 193.5 mAh.

= 635.9[h] = 26.5[days] (5.22)

0.576[mA] - 336]h] = 193.5[mAh] (5.23)
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6 Realization & Testing

This chapter presents the realization and testing of the circuit designs using both hand-soldered pro-
totypes and a final printed circuit board (PCB) created in KiCad 9.0. Key components, including the
integrator, were individually validated and later integrated into the complete system, which demon-
strated correct functionality during testing. Whereas passive elements were justified in chapter [5] the
active elements used will be described and justified in the following.

6.1 Schematic

The circuits as described in chapter [5] about the design were integrated and compiled in KiCad 9.0.
The complete circuit can be seen in Figure
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Figure 6.1: Schematic of the circuit made with KiCad 9.0.

6.2 Hand-solder Prototype

In order to realize the schematic given above in section hand-soldered prototypes were assembled
for different proposed circuits in order to asses their functioning. Notably, the integrator was made
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separately first to test the architecture. The integrator prototype can be seen in Figure [6.2]A. The
prototype of the complete schematic, as seen in the aforementioned section, can be seen in Figure[6.2B.
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Figure 6.2: Hand-soldered prototypes of the circuits. A) Hand-soldered prototype of integrator with on/off
switching architecture implemented with an OPA340 IC and transistors. B) Complete hand-soldered circuit
prototype implemented with MCP6024.

The implementation was achieved with the correct values on a through-hole test board featuring
an MCP2024 quad amplifier and standard E12 series components.

6.2.1 Testing

The integrator prototype (i.e., both the separate version with the OPA340 and the integrated version
with the MCP2024) behaved as expected when tested using an integration window and a constant
DC input to the integrator, starting 50 ms after the onset of the switching signal. A graph of the
measurements can be seen in Figure [6.3]

Integrator switch vs. output

18.56 | —— Switch signal : |
—— Integrator output signal q\’ - e f\.'hﬂ{
16.11 +— J‘"’”ﬁ — r«« -

| / { J (
13.67 A (ll [ ‘l i

e

11.22 A

8.78 |

Voltage (mV)

6.33 q I

3.89 ~

HHHHKHH K H

—1.00 +

——

-

0 503 1006 1509 2012 2516 3019 3522 4025 4528
Time (ms)

Figure 6.3: Graph of the integrator on/off switching signal plotted against the output signal with a DC input
signal starting 50ms after the onset of the switching signal.

The complete prototype exhibited correct behaviours (i.e., continuity and 500 mV over the elec-
trodes) when tested using an electrode submerged in non-distilled water.
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6.3 Printed Circuit Prototype

Finally, the design was realized as a PCB using KiCad 9.0. The specifications and restrictions, as well
as results from testing, will be discussed hereafter.

6.3.1 Design

For the PCB, there were certain restrictions. The decision was made to go with relatively broad leads
and islands such that due to limitations of the manufacturer capabilities. Furthermore, it would be
possible to further minimize the size of the PCB design. However, it was possible to keep the design
within the specified size using 0603 (approximately 0.6 mm x 0.3 mm) size components. Thus, these
were used. In Figure both sides of the design can be viewed.
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Figure 6.4: Front and backside of PCB in KiCad 9.0 software. A) Front side. B) Mirrored view of the back
side.

This design was then ordered and assembled with the passive components and integrated circuits.
The rationale behind these integrated circuits can be found in the paragraphs hereafter.

The MCP6004 (U1) is a quad amplifier IC. It was chosen for having a low bias current, such
that it does not induce error in the output and drifts less over time. Moreover, the MCP6004 has a
high slew rate, which allows it to respond quickly and accurately to changing signals. Finally, it was
advantageous to have one IC for each of the four amplifiers required for the design.

The DMN2050L (U2, Qx1) is an N-channel enhancement mode MOSFET. It is suited for this
implementation due to having appropriate on- and off-resistance. Meaning, when it is turned on, the
resistance is very small (e.g., 20-50 m2), and when it is turned off, the leakage is very small (e.g., nano
amperes) diodes  dmn2050

The Xiao nRF52840 (U3) is the microcontroller. It was chosen for having a small surface area
and built-in low-power Bluetooth capabilities. The microcontroller is suspended over the circuit in the
design, such that it does not increase the area of the PCB by much. Further rationale can be found in
chapter @

The LM3411M5 (U4) is a 5-volt shunt regulator. This was necessary to regulate the total 6 volts
provided by the batteries to a more useful 5 volts. That is, the other ICs in the design require a source
voltage ranging from 3.3 to 5 volts. Furthermore, the LM3411M5 specifically is a low-power regulator,
which is necessary for the PCB to make it through a 2-week use cycle. [1§]

The ADR130AUJZ (U5) is a high-precision 500 mV reference. This reference is necessary to
set the forward voltage on the electrochemical cell as described in chapter It was chosen for its
precision; the more exact the forward voltage is applied, the more accurately we can characterize the
behaviour of the cell and therefore estimate the concentration of glucose in the ISF.

The BSS84 (Qi2) is a P-channel enhancement mode field-effect transistor chosen for its low on-
resistance and reliable and fast performance.
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Finally, in Figure [6.5 the physical PCB is seen in reference to the size of a 20-cent coin.

Figure 6.5: PCB as compared to a 20 cent size reference.

From this figure, it can be seen that the final dimensions of the entire PCB are approximately 27
mm x 29 mm. Specifically, the achieved surface area is 791.2mm?.

6.3.2 Sensor

For testing with the printed circuit board, a sensor with gold electrodes was produced with similar
scales to the Ribet et al. sensor. This sensor is shown in Fig, [6.6]

Figure 6.6: Testing electrode array made of gold.

6.3.3 Communication Protocol

In this subsection, the control protocol on the microcontroller for the PCB is explained.

Every 10 minutes, a measurement is made, and each measurement takes 23 seconds. During the
measurement, the sensor is turned on, and after 2 seconds, the charge integrator is turned on. The
integration window is 20 seconds, after which the value at the output of the integrator is taken as
measurement, and the integrator is turned off. After one more second, the sensor is turned off.

The 10-minute loop is repeated until the sensor is replaced after two weeks, at which point the loop
is started again.

6.3.4 Testing

Each stage was tested separately to ascertain the validity of these components independently. It was
confirmed that the voltage regulators were functioning correctly and supplying the correct voltages.
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Procedure Measurement Loop

Repeat ad infinitum
SensorOn();
Wait(2s);
IntegratorOn();
Wait(20s);
Measurement();
IntegratorOff();
Wait(1s);
SensorOff();
WriteData();
Wait(9min 37s);

Furthermore, the connections were tested with a multimeter to ensure connectivity wherever applicable.
Then, the potentiostat was verified to enforce the correct 500 mV potential difference on the WE-RE
electrodes when connected to an electrochemical cell.

The integrator was tested using a function generator. An exponentially decaying curve was applied
(i.e., the reciprocal of the square root of time) at the integrator input. Thus, the expected output
would be proportional to the square root of time (i.e., a rounded saw-tooth waveform). This behaviour

can be seen in Figure
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Figure 6.7: In- and output of the integrator when switched on and off.

However, despite the signals having the correct shape, the output signal on the integrator was
observed to saturate too quickly.

The functioning of the entire system was tested using three gold electrodes in phosphate-buffered
saline (PBS) with varying amounts of dopamine and rhodamine, with a forward voltage of 500 mV.
The results for this are seen in Table

Concentration Value Voltage [V]
PBS with sensor off 509 0.15V
600 mg/dl Dopamine in PBS 1456 0.42V
PBS normal measurement 1452 0.42V
300 mg/dl Dopamine in PBS 1455 0.42V

Table 6.1: Voltages at the output of the ADC as measured (in chronological order) for various concentrations
of dopamine and rhodamine in PBS.

These results are congruent with the results of the saturation seen in the integrator behaviour.
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7 Conclusion

7.1 Objectives

In Section [I.I] and [I.2] the purpose and objectives of this project are summarized. The primary
objectives that were set are

e Bluetooth functionality,

Separated sensor and electronics,

Miniaturized electronics,

Analogue Filtering, and

e Minimize noise.

The quality with which these goals were achieved can be assessed with reference to the reduction
of risks posed to users as described in section [2.1]

1. Reduce cost,
2. Minimize the invasiveness and discomfort, and

3. Improve reliability

Most of these goals were achieved in a significant way.

Firstly, a Bluetooth connection was achieved in testing. Furthermore, a Bluetooth testing protocol
was implemented successfully, allowing control of different parts of the circuit (i.e., turning on and
off the potentiostat and integrator circuits) and transmitting the output of the ADC channels of the
microcontroller to a wirelessly connected device.

Secondly, the PCB realization successfully implemented a separation of sensor and electronics.
If the electrodes were to become bio-fouled, they could be replaced without having to replace the
electronics. This allows for patients to replace only what must be replaced and therefore reduces the
cost, of care. Moreover, this feature can make using the product easier for users, as they can become
more familiar with their personal electronics than when these electronics are replaced continuously.

Thirdly, the size of the prototype was well within the requirement set in Chapter [3] The surface
area of the PCB was 791.1 mm?, which is 808.9 mm? less than the maximally specified 1600 mm?.
When the product moves out of its prototyping phase, this size could plausibly be reduced further.

Fourthly, the analogue filtering was proven to work mathematically in Appendix[C]and [B] However,
the integrator saturated too quickly when tested with the oscilloscope and function generator. When
tested with the measurement protocol, the observed value was either OV or 1.2V at the output.

Lastly, in Section the noise was found to fall within the specified range of 2.5% error.

7.2 Program of Requirements

In addition to the objectives given in Section [[.I] and [I.2] A program of requirements consisting of
technical and functional requirements was also outlined in Chapter [3]

Throughout this project, the decision-making was guided by satisfying these requirements. In this
section, conclusions will be drawn with reference to the requirements. The program can be seen again

in Table [T.11
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Functional

Technical

- Realizable in a relatively short time frame - Deliver 500mV to electrochemical cell

- Minimal added error
- Read out the sensor
- Perform analogue filtering

- Deliver 5V to bluetooth module
- PCB maximum size of 40mm diameter
- Less than 2.5% (£7.5mg/dl) added error

- Transmit current value over Bluetooth - Battery functional life-time of >2 weeks

- Rechargeable

- Wireless communication over 0 — 20 meters

- Measure every one out of ten minutes
- Store concentration values temporarily

7.2.1 Functional

Table 7.1: Program of Requirements.

The functional requirements prescribe what the system must be capable of to achieve the objectives.
These are analysed in Table

Functional

Conclusions

Realizable in a relatively
short time frame

Minimal added error

Read out the sensor

Perform analogue filtering

Transmit current value
over Bluetooth

Rechargeable

Measure every one out of
ten minutes

Store concentration values
temporarily

Table 7.2:

The implementation was realized within the time constraints of this
project. Due to this, the scope of the project was limited accordingly.

The added error was considered throughout the design. Resulting in a
fairly limited added error. (Section [5.3.5))

In testing, it was possible to transmit some value from the ADC wire-
lessly to a connected device. However, a verifiable concentration mea-
surement was not made. (Section [6.3.4])

Analogue filtering was performed on the signal from the potentiostat.
The signal was amplified and integrated. However, the integrator satu-
rated too quickly. (Section [6.3.4))

The measurements were successfully transmitted wirelessly from one de-
vice to another in the final test. (Section [6.3.4))

For testing, dual CR2032 coin batteries were used. The CR2032 is not
rechargeable. However, the LIR2050 of the same size is rechargeable and
fits the capacity requirements. Thus, this goal was achieved. (Section

3

Similarly, given the capacity of the batteries is sufficient, measuring once
every ten minutes for two weeks is reached. (Section [4.2)

In testing, the microcontroller was able to save values and transmit val-
ues wirelessly to connected devices. The microprocessor has sufficient
memory to save a large amount of measurements when necessary. (Sec-

tion

Conclusions for the program of functional requirements.

Overall, most of the functional requirements set for the system were achieved. The circuit was
realized with a minimal error, analogue filtering, Bluetooth capability, recharge-ability, and storage.
However, it is important to note that it has not been achieved yet to read out the sensor. This will be
discussed further in Section [Z.3

7.2.2 Technical

The technical requirements give quantitative specifications for the system to adhere to. These are

analysed in Table[7.3

Each of the technical requirements was met. Most notably the 500mV forward voltage and the
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Technical Conclusions

In testing, approximately the correct 500 mV potential difference was
measured over the RE-WE electrodes. It was mathematically established
that this voltage stabilized within 1 ms. (Sections and [6.3.4])

The microcontroller was powered by a 5V shunt voltage regulator. This
satisfied the power and size requirements. Thus, this was achieved suc-
cessfully. (Section [4.2.2)

Deliver 500mV to electro-
chemical cell

Deliver 5V to the blue-
tooth module

The surface area of a 40mm diameter circle would be 1256.64mm?2. The
achieved surface area was smaller than this and therefore this require-
ment was achieved. (Section [6.3.1])

PCB maximum size of
40mm diameter

Less than 2.5% The total noise contributions of the different components were summa-
(£7.5mg/dl) added rized. The total noise specified a minimal RMS signal current of 8.36[nA]

error (Section [5.3.5)

The maximal calculated lifetime based on the power usage was greater
than three weeks, thus this was achieved with a large margin. (Section

13)

The decision was made to transmit at 4.8mA current consumption. For
Wireless communication this consumption the power requirements are satisfied and the range
over 0 20 meters is up to 20 meters in optimal circumstances. Thus this requirement is
generally satisfied. (Section

Battery functional life-
time of 2 weeks

Table 7.3: Conclusions for the program of technical requirements.

PCB size are crucial results. The error requirement could be investigated further, as ordering of the
stages and additional filtering could further improve on this figure.

7.3 Discussion

The results of this design were satisfactory in many ways; however, it was not able to test the system
from cell to output successfully. The value measured at the ADC for different concentrations was
inconclusive. The observed value in testing with the function generator and in vitro indicated that the
integrator and ADC saturated too soon. This indicates an oversensitivity in the system.

Assuming validity of the in vitro test, this could be solved in circuitry by decreasing the gain of
the system. In the implemented design, the gain would be so great that a current larger than that
which would be expected from the Ribet et al. sensor would most likely saturate the operational
amplifier before reaching the input of the integrator. Moreover, the time-constant 7 could be adjusted
to decrease the speed at which charging and discharging happen in the integrator. Lastly, it is possible
the initial assumption of an input current of 100nA is wrong, as it is based on very limited information.
In this way the sensitivity of the system could be improved internally.

Another factor that may be improved is the AC-couple between the trans-impedance amplifier
and the gain-stage. It may either be not sufficiently filtering the DC bias from the potentiostat
architecture, or be filtering the Cottrell current (this is plausible, as it is low-frequency). The latter
would also explain the results achieved during the full system test. Though simulation showed good
filtering with 0.1uF, better results may be achieved with a different value.

However, it is important to note that not all testing circumstances were ideal. A golden reference
electrode cannot sustain a stable forward voltage (due to its high propensity for surface oxidation
and adsorption). This might cause drift and noise at the input of the system. Moreover, using PBS
as solvent might not ideally reflect behaviour in the ISF as PBS could have a higher impedance and
could skew the forward voltage. These conditions can easily affect the circuit to show the behaviour
seen in tests. If the circuit receives a current too large by a factor three, the integrator would already
fully saturate its range. It would be prudent to test whether this is the issue by, as discussed before,
reducing the different gains throughout the circuit.
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7.4 Future Works

In future works, several things might be of interest when continuing this design.

1. Developing an ASIC-based implementation to reduce power consumption and further miniaturize
the electronics.

2. Reducing the physical footprint of the device to improve comfort and wearability;

3. Optimizing the gain structure of the analogue front-end to better match the sensor’s dynamic
range.

4. Implementing an analogue Kalman filter to improve signal quality and enable real-time predictive
filtering.

5. Use a step-down voltage converter instead of a shunt voltage converter, as it will likely be more
efficient.

6. Test this topology with different combinations of solutions and electrodes.

Specifically, implementing the circuit as an ASIC might be highly interesting course for future
works. In this way the electronics for the sensor could be reduced in size to be barely noticeable for
the user and therefore more comfortable and less obstructive.

Moreover, the implementation of a Kalman filter could be highly interesting as it could simultane-
ously filter the signal and predict the value of the signal in the future. In this way the latency between
a measurement and the value of the concentration could be reduced leading to a better user experience.
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A Potentiostat Circuit Analysis

In this appendix there is an analysis of the potentiostat circuit proposed in Chapter To this end,
nodal analysis is performed. Consider the circuit as it is given in Chapter [5.1

WE

MCP6004 B Vout

Figure A.1: Schematic for Potentiostat utilizing MCP6004 op-amp IC.

Potentiostat

It is assumed that the amplifier is ideal. Thus there flows no current into the inverting input of the
amplifier. From this is it clear Igrp = 0, which by extension means I¢g = Iy g. This current originates
from electro-chemical processes discussed in Appendix [D] Quantifying this current is beyond the scope
of this appendix.

Trans-Impedance Amplifier

This current then flows directly into the second amplifier. Now KCL is applied at the inverting terminal
of the amplifier to quantify the output voltage.

V- _Vou
—IWE—‘rit =0 (Al)

Given that the amplifier has a sufficient open-loop gain to enforce V= = V* = V. Equation (A.1))
can be rewritten to Equation (A.2)).

Vout = _RfIWE + Vs (AZ)

It is important to note that the output will always contain a 500mV offset
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A.1 Noise
First the thermal noise of the different resistors is calculated. This is done using Equation (A.3).

Vi = VAKTR; (A.3)

Additionally, it is assumed there is a noise coming out of the cell. This noise has numerous sources;
chemical /mechanical noise, drift, etc. The noise coming from the two resistors R,, = Ry = 22K is
calculated as:

Vi = Vp = /4T R,,, = 60.9[nV/v/Hz] (A.4)

The noise from the cell and the resistors is not subject to any amplification. Thus, it can be said
this noise is directly the input referred noise. Now the noise coming from the amplifier is considered.
The data-sheet from the MCP6004 30| specifies a input voltage density of Vamp, = 28[nV/v/Hz].
Additionally, it is subject to an input noise current of Iny,, = 0.6[fA/ VHz]. To convert the input noise
current to input noise voltage the equivalent impedance is calculated as.

Vamp.i = 0.6 x 1071° .22 x 10® = 13.2[pV/VHz] (A.5)

The total input referred noise spectral density can then be found in Equation (A.6).

Vi = V2o + V2 + Vi + Viups = 280V / V7] (A.6)
Note that this equation does not account for the noise coming from the chemical cell. This noise is
difficult to quantitively describe. [10] suggests Gaussian noise with 10 percent standard deviation.
This is however just a suggestion. A better practice would be to measure the noise under natural
wear. If the noise is taken have an RMS value 50% of the signal strength, the total input referred noise
density is found as Vi = 50% - 100n = 50[nV/Hz]

1 = 57.3[nV/VHz] (A7)

amp,v amp,i e

Vi = V24 + V2 + Vipws + Viupa + V2

A.2 Power

The power consumption from the operational amplifier is found via the quiescent current. In the
data-sheet of the MCP6004 [30] it is found that the quiescent current is I = 100 x 1075 . The power
consumed by the op-amp is therefore found in Equation (A.8).

Pamp =2 Vaupply - log = 25100 x 107° = 1[mW] (A-8)

There also power consumption by the resistors, however the power consumption coming from the
Ry = 22k() resistor is neglected as assuming an 100nA input current yields a power consumption in
the pW ranges.

A.3 Simulation

Simulation for the full potentiostat topology is challenging as LtSpice has no reliable method of simu-
lating an electrochemical cell. For the purposes of simulation a Randles model is applied. The Randles
model is an equivalent circuit used to represent the impedance of an electrochemical cell. It consists of
a solution resistance R, in series with a parallel combination of the double-layer capacitance Cy and
the charge transfer resistance R.;. Optionally, a Warburg impedance Zy, can be included in parallel
to model the electrochemical behaviour (namely, the Cottrell equation). Since the inclusion of the
Warburg impedance is beyond the scope of the project it is also omitted from the LtSpice circuit. The
values chosen for the simulation are chosen to represent an optional "Dummy Cell" that is available
to test the circuit. The DummyCell2 is [34] available to the project. A schematic overview of the cell

is shown Figure
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Figure A.2: Randles model equivalent circuit

A circuit to simulate the potentiostat is created according to Figures and Additionally, the
amplifiers were DC coupled using a 0.1uF capacitor. This circuit is simulated until steady-state is
achieved. Figure[A-3]|shows initial oscillation occurring in the 500mV voltage between the working and
reference electrode. The trans-impedance amplifier shows the expected amplification of the ingoing
current. This graph is excluded from this appendix. As the omission of the Warburg impedance
means this current is not representative of the potentiostat output voltage with an genuine chemical
cell connected. Figure @ shows oscillations of the control voltage Viy g — Viyg. It is important to
have the circuit settle before opening the integration window.

Oscillation of the RE-WE voltage
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Figure A.3: Graph of the simulated wE-RE voltage
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B Gain Stage Circuit Analysis

B.1 Transfer Function

In this appendix the gain stage proposed in Section is analysed. The circuit is shown in image
Nodal analysis is performed on the negative feedback terminal of the op-amp. Since the circuit

R,
Ry
AN
ovout
+
Vin
Figure B.1: Gain stage implementation
is configured with a feedback loop it is assumed that:
Vo =Vt=Y (B.1)
Nodal analysis on the negative feedback terminal gives:
Vin | Vin = Vou
—— =0 B.2
Ry R. (B.2)
Equation (B.2)) can be algebraically rewritten to Equation (B.3).
R,
Vou = Vvln o 1 B.3
o= Vin (e +1) (8.3
From this equation it is clear the transfer equation for the gain stage is given in Equation (B.4)).
R
Ry

B.2 Noise

The circuit has multiple noise sources. Namely, two resistors and one amplifier. The noise coming
from the resistors can be calculated using Equation (B.5).

Vyi = VAKTR; (B.5)

Using Equation (B.5) with R, = 22kQ and R, = 1Q, two noise sources sources can be quanitified.

Vn,a =V 4kTRa = 013[HV/HZ]
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Vo = VAKTR, = 19.1[nV /v/Hz]

The second source need to be input referred by using the gain calculated in Equation (B.4). Therefore
the input-referred thermal noise coming from R, can be found in Equation .

19.1 x 10~°
Vop = —aa—7—

b= 53001 = 0.87[pV/VHz] (B.6)

Now, the noise coming from the amplifier is considered. The data sheet from the MCP6004 [30]
specifies a input voltage density of Vampv = 28[nV/vHz]. Additionally, it is subject to an input noise
current of Iomp = 0.6[fA/vHz]. The total spectral noise density is found in Equation (B.7).

V, = \/vn%a V2 V2, + V= 28uV/ VS (B.7)

amp,?

B.3 Power

In this section the total power consumed by thisstage is calculated Equation (B.8§]).
Pamp = Vaupply - Ig = 5100 x 107% = 0.5[mW] (B.8)

The feed-back resistor will have a voltage related to the output of the trans-impedance amplifier.
This power consumption will also be negligible due to the large value of the Ry resistor. The result
will be in the uW range.

B.4 Simulation

LtSpice simulations were created for this circuit under the conditions proposed in Chapter[5.2] Namely,
R, = 22KQ and R, = 1§2. A linear voltage sweep ranging from 0V to 2V was performed on the circuit
shown in Figure A generic amplifier model native to LtSpice was used with values lifted from the
MCP6004 datasheet. Most importantly, an open loop gain of A,,; = 400K . The simulation performed
as expected, showing a H(f) =~ 20K amplification. It is believed the gain is lower in the model with
respect to Equation due to finite open-loop gain. The actual open-loop gain can be found using

Equation .

Ayl
H' = “ve B.9
(f) 1+ Avol/H(f) ( )
Entering A, = 400K and H(f) = 20K it is found that:
4 103
H'(f) 00 10 — 209K (B.10)

T 14400 x 103/22 x 10°
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C Integrator Circuit Analysis

In this appendix, circuit analysis will be performed on the integrator circuit discussed in Section
For the analysis an equivalent model will be used for the NMOS and PMOS transistor. The integrator
topology with the equivalent transistor models is shown in Images and

Ry

—_—8

Rais —V W

Il n CD :_ Cm n Rn § Rdls
Ry Vout Ry Vout
+ +
RQ RQ
Figure C.1: Integration Circuit: Discharge Figure C.2: Integration Circuit: Integration

C.1 Integration Mode

In this section, the circuit’s integration mode is analysed. The goal of integration mode is to refer the
signal from the input to the output via Equation (C.1]). However due to non-idealities of the switches,
the actual signal path will be different.

1
out — T 5 ~ in 1
Vi Rfcf/v dt (1)

The non-ideal expression is derived to quantify the effect of the MOSFETS on the integrating behaviour
of the integrator circuit.

Node A

First, nodal analysis is done on node A. Which connects the two MOSFET switches to the output
path.
Vo=V™ Vo—Vowr Vi—Vour Va— GRND
+ + +
Rn Rdis ZC ZC

- IL7p =0 (CQ)
f

m,p
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It is assumed that there is sufficient open-loop gain to enforce V=~ = V* = 0. Equation (C.2) can be
rewritten to find Equation (C.3).

1
Va| 5 +

1 1
7. R + SCf + SCm7p:| = Il,p + Vout |: + SCf:| (03)

Rdis

Inverting Terminal

Secondly, an expression for V, is found using nodal analysis at the inverting input. The sum of currents

18:
L7*”71 i7*La
+ =

0 C4

Again, it is assumed there is sufficient open loop gain. Under that assumption Equation (C.4]) becomes:
Ry,

V, = _EWTL (05)

Result

Combining Equations (C.4) and (C.6|) yields Equation (C.6). This expression directly relates the
output voltage to the input voltage in the Laplace domain. This equation can be used to find the
time-domain behaviour of integrator circuit.

1 1
(Vin — Rylpp) (S(Cm,p +Cy) + R7n + Rdis>

1
sC p Ry <SCf + Rd'~)

To simplify the model, numerous assumptions can be made. First, Cy,, < Cy. The data-sheet
of the DMN2050 diodes dmn2050 specifies a Miller capacitance of 117pF, whilst the feedback
capacitance is chosen in Section to be 47uF. Secondly, R, < Rgis- They are valued 1.2€2 and
220k$2 respectively.

Vout = (06)

1
Vin — Rl 1+ —
(Vi — Ry >( +Scm7pRn)

1
R C
! <5 I Rdis)

This expression is evaluated using the Scipy signal library. The component values determined in
Section were used for simulation. To mimic the decay shown in the Cottrell equation, exponential
decay is used as an input. The input signal was an exponential decay of the form Vjexp(—at) with
a ={3,10,50} and V, = 2V. The resulting plot is shown in Figure

Additionally, this result is compared to the ideal integrator discussed in Section [C.1] In python
both outputs were calculated for the same exponential decay signals specified for Figure The
results are summarized in Table

Vout =

(C.7)

a=3 a=10 a=50
RMS Error 0.0185 0.0092 0.0022

Table C.1: RMS error between simulated Vo, and ideal integrator output for different exponential decay
rates.

From this, it can be inferred the circuit behaves similarly to the ideal integrator configuration.
Therefore, the time-constant for charging is found as 7 = C'r Ry.
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Comparison of Scaled Real vs Ideal Integrator Outputs
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Figure C.3: The output voltage of the integrator circuit simulated with different values

C.2 Discharge Mode

After integrating over a sufficient period (as described in Section . It is essential to discharge the
capacitor C'y before the next integration cycle. To this end the capacitor is shorted to ground using
the NMOS-PMOS switching pair. The following equations will define an expression for the output
voltage during the discharge cycle along with a time-constant for discharging.

Node A
First, nodal analysis is done on node A. It connects the two MOSFETS to the integration path.

Vo=V~ n Vo — Vour n Vi — Vour n Vo — GRND

C.8
ZC'm,n Rais Zc Rp ( )

f

Rewriting Equation (C.8)) and filling in Zc = 1/sC gives Equation (C.9)). Note that it is assumed
in this step that V'~ = VT, which is only true for a sufficient open-loop gain.

$(Conn + Cp) + mtes

Vvout = (Cg)

C.
° j+Rdis

Inverting Terminal

Nodal analysis is performed at the inverting terminal of the amplifier. The sum of the currents is given

in Equation (C.10].

Vi 1%
_im o _Ya C.10
Ry Zo,. (C.10)
This can be rewritten to Equation (C.11)).
Vvin = scm,anVa + RfIl,n (Cll)

Result
The final expression is found by substituting Equation (C.11) into Equation (C.9). Doing so gives:
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11
‘/in_RIn Cmn C Ny
Vi = Ryl (S + O+ ot 1)

1
Rais

The goal is to find a corresponding time-domain expression for this equation. First, it is known that
Ryis = Ry, = Ry = 220k). The actual value of R, is found as the sum of the on-resistance of the
P-channel MOSFET (BSS84) [32] R, = 102, and the series resistor R, = 220k). Additionally, it
is known Cp, , < C¢. This is because C is selected to be 47uF in Section @ and the N-channel
MOSFET Miller capacitance is specified on the data sheet of the DMN2050 diodes dmn2050 to be
Cm,n = 117pF. Using these simplification, Equation is found.

Vout = (012)

SCm,an (SCf +

2 2
(Vvin - Rfll,n) <SCf + R) (Vin - RfIl,n) <SCf + R)
f/ _ f

Vout = 1 = 1 (C13)

Using partial decomposition (C.14)), can be found.
Vour = ———F7——"—| - — ——— C.14
’ R¢Cpym <S sC¢ + %f ( )

Note that on this time-scale the input voltage V;,, can be though of as a DC voltage. This voltage is
represented in the Laplace domain as Vy/s.

1 2V WwC 2L, I;,C
Vout = o - 0~s -2 nf (015)
Cmn |Rrs?  Ryps(sCy+a) s sCr+a
Distributing the terms in Equation (C.15)) gives:
1 2Vo VoCy 2L, 1L ,Cf
Vous(s) = — - — ’ C.16
t(s) Crin [Rfs2 Rss(sCy + a) s sCr+a ( )
The inverse Laplace transform for Equation (C.16]) can be found as Equation (C.17]).
L |2V e oen
Vour(t) = 5— | 5=t + (VoRs + Lin)e " — (VoRys +21;,) (C.17)
Cm,n Rf

From here it is clear that there are three basic terms; a constant DC term that leaks charge out of
the capacitor via the N-channel MOSFET, a ramp term that charges the capacitors, and an exponential
term that signifies an instant decay. For the initial decay the exponential is the most significant term.
The time-constant is found using python simulation as 2us.

C.3 Power

There are two resistors that are consuming a measurable amount of power. Additionally, there is a
single integrated circuits. The power dissipation in the integrator circuit consists singularly of the
power consumed by the amplifier. As all other power consumptions are in the yW ranges. The circuit
has only a single integrator, thus power consumption will be 0.5[mW]

C.4 Noise

In this section the noise of the integrator circuit is calculated. The noise will be roughly the same
regardless of what mode the circuit is in. The total noise in the system is described in Equation (C.18)).

V" = \/V}%f + Vlgdiﬁ + VNQMOS + Vvi?amp + Vv%amp (018)
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The thermal noise coming from the resistors is found as Vg, = Vi = 60.4[nV/HZ]. Note that to
make the noise Vg, input referred, it needs to be multiplied by the ideal integrator gain and also be
summed over the whole bandwidth. The resulting noise will be coloured.

VRaw = Vi _RfCy-2nf = 3.92f[uV/vHz (C.19)

d

Now, the noise coming from the amplifier is considered. The data sheet from the MCP6004 specifies
a input voltage density of Vampv = 28[nV/ vHz]. Additionally, it is subject to an input noise current
of Lymp = 0.6[fA/ \/E] Lastly, the input-referred noise coming from the N-Channel MOSFET is
considered. The input referred noise of any MOSFET can be found as: [35].

Vamos = V4kTRps = 12.9[nV /v Hz] (C.20)

Entering all of these noise sources into Equation (C.18)), gives Equation (C.21)).

V, = \/ng + V2, + Vvios + Vg + Vamp = 90.7[nV/VHZ] (C.21)

C.5 Simulation

In this final section an LtSpice simulation is done to test the feasibility of the proposed circuit. To
this end, a component was created that implements the integrator circuit. For this circuit, the BSS84
and BSP89 were used since there was no LtSpice component was available for the DMN2050. For the
control signal of the switching pair a pulse was selected with T' = 12[s] and D = 0.5. For the input
signal V;;,, = 2[V] was applied. The resulting graph is shown in Figure

Voltage vs Time
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NUnanaaannne
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Figure C.4: The output voltage of the integrator circuit simulated with different values
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D Electrode Diffusion Mechanics
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Figure D.1: Schematic representation of the composition of the solution phase in the vicinity of the electrode
surface (not to scale) by Komorsky-Lovric et al .

The concentration of the oxidized molecule at the surface of the electrode ([A],—o) can be related to
the concentration in the bulk of the solution ([A]pur) through using Fick’s law and Nernst’s law as

seen in Equation (D.1)) and Equation (D.2) respectively.

a4 P[4

P (D-1)
d[A]I: o ’IlF ’
D o (B0 - E2) (D2)

Where [B],—¢ is the concentration of the reduced molecule at the electrode surface, E(¢) is the applied
potential and E?/ the formal reverse potential, ¢ is time, n is the number of electrons transferred per
molecule of A reacting at the electrode surface, F' is the Faraday constant, R the constant for an ideal
gas, and finally T is the absolute temperature.

Nernst’s law as described in Equation approximates the ratio of the oxidized to the reduced
molecule at the surface of an electrode when applying a certain potential. Nernst’s law applies only to
Nernstian reactions, which are electrochemically reversible redox reactions. The mechanism of GOx is
considered a Nernstian reaction.

Using these laws, the bulk and surface concentrations can be related. Which allows the determi-
nation of the bulk concentration as a function of the current over time.

B 1 d2I(t)
[Alz=0 = [Alpur + FAVD a1 (D.3)
1 dEI)
PBlozo = TAVD a1 (b4
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Where the current flowing between the counter and working electrode I(t) is given by

d—2 1
I(t) = —nFAVDS— - : (D.5)
dt=2 \ 14 exp 7 (Eo — vt — E9")

Where Ej is the initial potential applied and v is the scan rate. The resulting current equation (D.5)
is a linearly swept modification of the Cottrel equation given by

nFADY2(C,

(t)= PSR (D.6)

Where A is the electrode area (which varies over time because of bio-fouling) and Cy is the bulk
concentration of the electrically active chemical.
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