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Abstract

This thesis introduces two biomedical measurement systems utilizing the AD5934 impedance converter: a

silicon photomultiplier (SiPM)-based low-light fiber photometry system for neural recordings in mice and

a wireless electrochemical impedance spectroscopy (EIS) device designed for cortisol detection in human

sweat. Despite their apparent differences, both systems share a common foundation—the AD5934 impedance

converter chip, generating sinusoidal excitation signals and measuring corresponding system responses.

Our fiber photometry system utilizes an SiPM as an alternative photodetector, addressing the power

and sensitivity limitations of conventional counterparts. Additional optical excitation at an isosbestic point,

often used for mitigating motion artifacts, was also used to correct for SiPM gain variations. Employing two

impedance converters enables amplitude modulation with two carriers, which allows for distinguishing the

main signal from the isosbestic control signal. Characterization tests confirmed the system’s robustness to

motion artifacts and temperature variations. In-vivo experiments demonstrated the system’s functionality

at significantly lower optical excitation powers comparing to commercial fiber photometry systems.

In the EIS device, the AD5934 was used for its originally intended purpose of impedance spectroscopy.

When used with a cortisol immunosensor, it can determine the concentration of cortisol in a sample by mea-

suring its impedance at a range of frequencies. The device has a compact form-factor, and is wireless and

battery-powered. Adaptive gain control was implemented to enhance the device’s dynamic range. Charac-

terization tests on resistors, capacitors, and electrochemical samples, and comparative experiments against

a commercial potentiostat validated the system’s suitability for cortisol concentration measurement. The

device showed promise for adaptation into a wearable device for daily semi-continuous cortisol monitoring.

The SiPM-based fiber photometry system and the compact EIS device stand as successful implementa-

tions of two biomedical measurement systems that benefit from the use of the AD5934 impedance converter

chip. These two projects demonstrate the versatility of the AD5934 impedance converter, and meet their

individual aims.
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Chapter 1

Introduction

A fundamental approach for studying a system involves applying an excitation signal and measuring the

system’s response. This basic idea is the core of various widely used measurement techniques in very

disparate fields including Magnetic Resonance Imaging (MRI), fluorescence spectroscopy, and resistance

measurement with a multimeter.

In some cases, an oscillating excitation signal at a specific frequency is employed, and the response

signal component at the same frequency is extracted. In such cases, the system’s information is encoded

as the amplitude and/or phase of this signal component. The use of an oscillating signal serves purposes

such as extracting information at a specific frequency or a range of frequencies or improving signal quality

by associating it with a single frequency enabling rejection of broadband and offset noise. Electrochemi-

cal Impedance Spectroscopy (EIS) and fiber photometry are examples of important measurement tools in

biomedical research that often rely on this technique.

EIS is a method that can reveal valuable information about the content of a sample by measuring its

impedance at a range of frequencies. For example, it can determine the concentration of biomarkers in a

sample. In a typical EIS experiment, to measure impedance at a specific frequency, a sinusoidal voltage is

applied across a sample, and the resulting current is measured. The ratio of voltage amplitude to current

amplitude represents the magnitude of impedance, while the phase difference denotes the phase of the

impedance.

Fiber photometry is an optical method for recording neural activity. Fiber photometry detects neural

activity by measuring changes in the concentration of fluorescent neural activity indicators in a targeted

region of animals’ brains. Fluorescence measurement is done by directing excitation light to brain tissue and

measuring the resulting fluorescent emission. Amplitude modulation is often used in fiber photometry. That
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is, the excitation light has oscillating intensity. Therefore, a change in fluorescence appears as a change in

the amplitude of the fluorescent emission light.

As described above, both methods follow the same concept. The applied voltage and measured current in

EIS correspond to the excitation and emission light in fiber photometry. For the latter, optoelectronic devices

such as light-emitting diodes and photodiodes enable conversion between electrical and optical quantities.

Given the shared principle, employing similar electronics for their implementation becomes a logical choice.

A practical solution is using commercially available integrated circuits designed for impedance spectroscopy.

Particularly, AD5933 and AD5934 (Analog Device, USA), are electronic parts that are widely used for

impedance measurements in various applications. AD5933 and AD5934 are impedance converters that can

excite a sample, measure the resulting current, and calculate its Fourier transform.

1.1 Aims

The aims of this thesis are to develop two systems with the AD5934 impedance converter at the core of their

electronics.

1. A silicon photomultiplier-based low-light fiber photometry system for recording neural activity in mice

2. An EIS device for detecting cortisol in human sweat

This thesis is divided into three parts. The present chapter provides background information on the

AD5934 chip which is crucial to both projects. This includes a description of the device’s hardware and

operation, considerations for accuracy, and some notable work using the device. In Chapters 2 and 3, the

fiber photometry and EIS projects are described in detail. Each of the two chapters includes fundamental

concepts, related work, system design, characterization, and experimental results for its respective project.

1.2 The AD5934 Impedance Converter

The AD5934 is a specialized integrated circuit (IC) designed by Analog Devices, Inc [1]. It is an impedance

converter system designed for impedance spectroscopy. Figure 1.1 shows the functional diagram and the

simplest configuration for measuring impedance as recommended by the AD5934 datasheet. The unknown

impedance to be measured is connected between the VOUT and VIN pins of the chip. The device operates by

applying a known excitation voltage signal at a specified frequency to the target system, between the VOUT

and VIN pins, to cause a current in it. With VIN being a high-impedance node, current flows from VOUT to

the RFB pin. So, the resulting response current flowing into the RFB pin is converted to a voltage, and then
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sampled and processed to determine the impedance characteristics of the tested element or material across

the specified frequency range. The hardware and the measurement process are described in this section.

1.2.1 Hardware

The hardware consists of two blocks: the transmit stage and the receive stage (Figure 1.1). The transmit

stage of the IC can provide an excitation voltage with controllable amplitude and frequency. The receive

stage can measure a current, sample it, and calculate the Fourier transform to extract the signal’s magnitude

and phase.

PGA

Internal op-amp, 
configured 
as a TIA

Receive Stage

Transmit Stage

Figure 1.1: The transmit and receive stage, shown on the AD5934 block diagram adapted from the
datasheet [1].

1.2.1.1 Transmit Stage

The transmit stage within the AD5934 incorporates a 27-bit Direct Digital Synthesis (DDS) core followed

by a digital-to-analog converter (DAC) that generates a sinusoidal signal at a specific frequency. This signal

is conditioned by an amplifier with variable gain that can set the excitation voltage to four different levels

which can be selected by configuring the control register (Table 1.1).

Table 1.1: Excitation voltage levels with a supply voltage of 3.3 V

No. Amplitude (Vp−p) DC Bias (V)
1 1.98 1.48
2 0.99 0.74
3 0.383 0.31
4 0.198 0.179
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Measurements begin at the start frequency and then are repeated with a specified frequency increment.

The start frequency is based on the start frequency register, which the user can write to the AD5934’s random

access memory (RAM) via the I2C interface. Although the DDS provides 27 bits of resolution, only the lower

24 bits of the start frequency register can be programmed. The start frequency is set using equation 1.1.

Users can also set the frequency increment using a 24-bit register (equation 1.2). The number of increments

is determined by a configurable 9-bit word. The chip returns to standby mode after measurements are made

at all the specified frequencies.

Start Frequency Code =

⌊
Start Frequency

MCLK
× 231

⌋
(1.1)

Increment Frequency Code =

⌊
Increment Frequency

MCLK
× 231

⌋
(1.2)

MCLK indicates the frequency that the chip is clocked at externally and ⌊⌋ indicates the floor function.

Based on these equations, the start and increment frequencies can range between MCLK
231 and MCLK×(224−1)

227 .

However, this range will be limited based on the sampling limitations described in the Receive Stage section.

The maximum number of increments is 511. The chip can also be programmed to wait a certain number of

periods before the receive stage is activated.

1.2.1.2 Receive Stage

The role of the receive stage within the AD5934 is the conversion of the current in the unknown impedance

into digital data, and extracting its amplitude and phase. It is composed of an op-amp followed by a

programmable gain amplifier (PGA), an anti-aliasing filter, and a 12-bit analog-to-digital converter (ADC).

The inverting input and the output of the internal op-amp are accessible while the non-inverting input is

fixed at VDD/2. In the simplest impedance measurement setup, the internal op-amp is configured as a

transimpedance amplifier (TIA) that converts the current through the unknown impedance to a voltage that

can be sampled by the ADC. Following the TIA, the PGA’s gain can be set to 1 or 5 by the control register.

Then, the signal undergoes low-pass filtering before entering the 12-bit ADC. The digital output from the

ADC is fed into the digital signal processing (DSP) core of the AD5934, where the single-point Discrete

Fourier Transform (DFT) is calculated for the sampled data. The DFT result at the excitation frequency is

stored as two 16-bit numbers representing the real and imaginary part of the current which corresponds to

the admittance of the unknown impedance. These data can be read via the I2C interface.

To calculate the unknown impedance, data from a reference impedance is required. For simplicity, a

known resistor can be first measured. Then, the impedance is calculated based on the following equations,
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where R and and I are the real and imaginary numbers stored in the AD5934 RAM, and the ref subscripts

indicate data for the known resistor. Rknown is the known resistance value and Z is the unknown impedance.

|Z| =

√
Rref

2 + Iref
2

√
R2 + I2

×Rknown (1.3)

∠Z = arctan

(
Iref
Rref

)
− arctan

(
I

R

)
(1.4)

1.2.2 Measurement Process

The process of performing a frequency sweep with the AD5934 involves several steps that are triggered by

commands sent to the chip via the I2C interface. The process is as follows:

1. Set Frequency Sweep Parameters: The start and increment frequencies, number of increments,

and settling cycles are first programmed into the appropriate AD5934 registers.

2. Enter Standby Mode: Before starting a frequency sweep, the device must be transitioned into

standby mode. In standby mode, the VOUT and VIN pins are internally connected to ground. The

excitation voltage level and the PGA gain are also set as part of the operating mode register.

3. Enter Initialization Mode: In this mode, the excitation signal is applied, and the VOUT and VIN

pins are set to their intended level. However, the ADC does not sample the voltage. This stage can be

prolonged for the system to reach steady state.

4. Enter Frequency Sweep Mode: The ADC begins sampling after the programmed settling time

cycles elapse. This settling time is predetermined by the user.

5. Polling the Status Register for DFT Completion: DFT completion and the availability of

impedance data are indicated by a bit in the status register. When this bit is set, the impedance data

can be read.

6. Polling the Status Register for Sweep Completion: The status register also signals the end of

a sweep. This step is only required if the increment frequency feature is being used. In this step, the

user may choose to put the AD5934 in shut-down or stand-by mode or trigger measurement at the

next frequency.
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1.2.3 DFT calculation

An excitation voltage vex and a sample admittance Y leads to a current of Y · vex. With a system current-

to-voltage gain of α, the voltage sampled by the ADC (vi) is α · Y · vex. For simplicity, α was assumed to be

a real number here. Let G and B represent the conductance and susceptance of the sample, respectively, i.e.

Y = G + jB. A, f , Ts, and n are the excitation voltage amplitude, excitation frequency, sampling period,

and sample index, respectively. VEX and VI are phasor representations of vex and vi.

vex(n) = A cos (2πfTsn) = Re{Aej2πfTsn} (1.5)

VI = αY VEX = αY A = α(G+ jB)A (1.6)

= αGA+ jαBA (1.7)

= αGA+ αBAejπ/2 (1.8)

vi(n) = Re{VIe
j2πfTsn} = αGA cos (2πfTsn) + αBA cos (2πfTsn+ π/2) (1.9)

= αGA cos (2πfTsn)− αBA sin (2πfTsn) (1.10)

The AD5934 calculates the single-point DFT (Vi(f)) of its sampled signal (vi(n)) in order to estimate

G and B (equation 1.11). The real and imaginary part of the single-point DFT, are extracted as two

quadrature components, one in-phase with the excitation signal, and one orthogonal to it [2]. The admittance

is calculated by dividing these two components by the system gain (α) which is determined by a calibration

measurement. GM and BM indicate the estimates for G and B are calculated by the AD5934 (equations 1.12-

1.13).

Vi(f) = F {vi(n)} =

N−1∑
n=0

vi(n) · (cos (2πfTsn)− j sin (2πfTsn)) (1.11)

GM =
1

α

1

A
· 2

N
·
N−1∑
n=0

vi(n) · (cos (2πfTsn)) (1.12)

BM =
1

α

1

A
· 2

N
·
N−1∑
n=0

vi(n) · (− sin (2πfTsn)) (1.13)
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GM can be written as the sum of G and an error term.

GM =
1

α

2

AN

N−1∑
n=0

[αGA cos (2πfTsn)− αBA sin (2πfTsn)] · cos (2nfTsn)

=
2

N

N−1∑
n=0

G cos2 (2πfTsn)−
2

N

N−1∑
n=0

B sin (2πfTsn) · cos (2πfTsn)

=
2

N
G

N−1∑
n=0

(
1 + cos (4πfTsn)

2

)
− 2

N
B

N−1∑
n=0

sin (4πfTsn)

2

= G+
G

N

N−1∑
n=0

cos(4πfTsn)−
B

N

N−1∑
n=0

sin (4πfTsn)

(1.14)

Similarly, BM can be written as:

BM =
1

α

2

AN

N−1∑
n=0

(αGA cos (2πfTsn)− αBA sin (2πfTsn)) · (− sin (2πfTsn))

=
−2

N

∑
G cos (2πfTsn) · sin (2πfTsn) +

2

N

N−1∑
n=0

B sin2 (2πfTsn)

= −G

N

N−1∑
n=0

sin (4πfTsn) +
B

N

N−1∑
n=0

(1− cos(4πfTsn))

= B − G

N

N−1∑
n=0

sin (4πfTsn)−
B

N

∑
cos (4πfTsn)

(1.15)

The summations in equations 1.14 and 1.15 can be simplified:

C1 =

N−1∑
n=0

sin (4πfTsn) =
sin (2πf(N − 1)Ts) sin (2πfNTs)

sin (2πfTs)

C2 =

N−1∑
n=0

cos (4πfTsn) =
cos (2πf(N − 1)Ts) sin (2πfNTs)

sin (2πfTs)

(1.16)

Substituting 1.16 in 1.14 and 1.15, we get:

GM = G+ C2
G

N
− C1

B

N

BM = B − C1
G

N
− C2

B

N

(1.17)

The relative error can be written as:

δG =
C2

G
N − C1

B
N

G
=

C2

N
− C1

N

B

G

δB =
C1

G
N − C2

B
N

B
=

C1

N

G

B
− C2

N

(1.18)
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Figure 1.2: Error in calculated magnitude and (b) phase for an admittance with a phase of 0.

Note that for C1 and C2 to be simultaneously zero, 2fNTs has to be an integer. NTs is the total sampling

time (To). So, the expression can be written as 2 · To

T where T is the signal’s period. Therefore, when the

sampled data includes integer multiples of half the signal’s period, the error is zero and GM and BM are

equal to G and B.

1.2.4 Frequency Range and Voltage Range Considerations for Accuracy

1.2.4.1 Frequency Range

The AD5934 performs single-point DFT on a 1024-point sequence of data sampled by the ADC. As evident

in equation 1.16 and 1.18, the accuracy of the obtained admittance, and equivalently the impedance, depends

on its phase and the number of sampled periods (To

T ).

The single-point DFT calculation was simulated in MATLAB. A sine wave with an amplitude of 0.1 V,

sampled at 1024 points, was used as the excitation voltage, and the magnitude of the admittance was set to

10 Ω−1. The number of periods per sampling time was swept from 0.1 to 15 in steps of 0.1. Conductance

and susceptance were calculated based on equation 1.12-1.13. The magnitude and phase of the admittance

and their error were then calculated. The simulation was repeated at admittance phases of 0, +45◦, and

-45◦. The errors are shown in figures 1.2 to 1.4. As the number of periods increases, the error caused by non

integer values of 2 · To

T decreases. For instance, in all cases in the simulation, for To

T of 14.4 and higher, the

error in magnitude was below 1%.

The AD5934 data sheet characterizes the device at a clock frequency of 16.776 MHz. At this clock

frequency, the ADC sampling rate is 250 kSPS and the sampling period is Ts = 1/fs = 4 µs. Therefore,

the total sampling time is 1024× Ts = 4096 µs. For 2To

T = 8192× 10−6 × f to be an integer, the excitation
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frequency must be a multiple of 1
8192×10−6s = 122.07 Hz. As shown in the simulations above, high accuracy

can also be achieved by sampling over multiple periods. For example, with this clock frequency, a To

T of 14.4

is equivalent to an excitation frequency of 3515.6 Hz. So, for excitation frequencies higher than 3515.6 Hz,

the error in admittance magnitude is below 1%. The frequency must also be below the Nyquist limit of

fs/2 = 125 kHz.

The ADC sampling rate linearly changes with the clock frequency (fclk). That is, fs is equal to
250×103

16.776×106 ·

fclk = fclk/67.104. The excitation frequency criteria change accordingly. These criteria are summarized in

equation 1.19 and 1.20 where m is the minimum number of samples per period which is selected based on

the desired accuracy.

f <
fs
2

=
fclk

134.208
(1.19)

&
f = k · fs

2N
= k · fclk

2× 1024× 67.104
=≈ k · fclk

137429
, k ∈ N

or

f > m · fs
N

= m · fclk
1024× 67.104

≈ m · fclk
68714

(1.20)

1.2.4.2 Voltage Range

The AD5934 has a 12-bit ADC. Therefore, with a supply voltage of VDD, the ADC resolution or the least

significant bit (LSB) is VDD/212. For supply voltages of 3 V and 5 V, this parameter is equal to 0.73 mV

and 1.22 mV respectively. The amplitude of the voltage being sampled should be many times larger than

the resolution in order to achieve high accuracy.

To determine the minimum voltage amplitude, we simulated a similar DFT calculation in MATLAB. The

resolution was set to 1.22 mV and the voltage amplitude was swept from 0.1 mV to 20 mV. The amplitude

of the signal determined by the DFT was compared to the actual signal amplitude. For a purely resistive

load, in order to achieve an error of less than 5% and less than 1%, minimum signal amplitudes of 3.7 mV

and 13.5 mV were required respectively (Figure 1.5) corresponding to 3 and 11 LSBs.

1.2.5 Comparison Between Impedance Converters and DSP Processors

The AD5934 and AD5933, offer a convenient solution for studying a system’s response to sinusoidal excita-

tions. The simplicity and convenience of these devices comes at the cost of limited flexibility. Some of the
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Figure 1.5: Error in calculated magnitude and (b) phase for a purely resistive load, for different amplitudes
of the ADC input voltage. The voltage resolution is 1.22 mV.

limitations were discussed in Section 1.2.4. One notable limitation is the fixed and relatively low number

of points (1024) over which the single-point DFT is calculated. With a 1024-point sequence of data, for a

certain clock frequency, only at 1024 excitation frequencies the single-point DFT is equal to the conventional

DFT. Therefore, measurement accuracy is highly dependent on the chosen excitation frequency.

Another hardware limitation is that there are only four options for the excitation signal level, and

therefore additional signal conditioning is often required for the excitation voltage. Also, the AD5934’s

internal opamp’s non-inverting input is not accessible and the biasing cannot be controlled. Additionally,

this op-amp is automatically disabled between measurements which affects the biasing of the front-end

electronics.

On the other hand, using a DSP (digital signal processing) processor provides a more flexible and cus-

tomizable solution. A DSP processor allows for complete control over the signal processing algorithms and

measurement process. However, the increased flexibility comes at the cost of complexity. Developing this sys-

tem with a DSP processor involves programming signal processing algorithms, handling hardware interfaces,

and ensuring synchronization between excitation and measurement stages.

The complexity of the DSP solution may be unnecessary for some applications. Despite the limitations

of the AD5934 and AD5933, their convenience can make them suitable for such applications. Their straight-

forward setup and ease of use make them an attractive choice, especially for researchers and developers who

prioritize convenience and want to implement the system without delving into intricate DSP programming.

It is crucial, however, to be mindful of the devices’ limitations. By considering these constraints and making

appropriate design choices to ensure accuracy, the AD5934 and AD5933 can serve effectively in a variety of
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applications.

The AD5933 and AD5934 are very similar devices. Despite the similarities between the two chips, the

AD5933 is much more prevalent. This is mostly due to the higher ADC sampling rate which extends the

range of measurable frequencies. The AD5933 also includes a temperature sensor and an internal oscillator.

For the EIS project, we are interested in frequencies between 1 Hz to 5 kHz. The ratio of the maximum

to minimum excitation frequency in this range is 5000. Based on the frequency criteria mentioned in the

previous section, for both chips with a fixed clock frequency, the maximum to minimum excitation frequency

cannot exceed (fs/2)/(1 × (fs/2048)) = 1024. Therefore, a configurable clock frequency is required. With

a clock frequency of 8 MHz, and m of 14.4, the AD5934 can measure impedance at excitation frequencies

between 1.68 kHz and 59.6 kHz. Frequencies below this range can be measured at lower clock frequencies.

For instance at a clock frequency of 8 kHz, and m of 14.4, excitation frequencies between 1.68 Hz and 59.6 Hz

can be. By sampling an integer number periods, the frequency range can be further extended. Therefore,

an AD5934 with a configurable clock frequency is sufficient for this application. Details on the excitation

frequencies will be provided in Chapter 3.

In the fiber photometry project, continuous measurements at only two frequencies will be made. The

selected frequencies were between 260 Hz and 290 Hz. These excitation frequencies can be used with a clock

frequency of 1 MHz. Therefore, the AD5934 is sufficient in this application as well.

Since the AD5934 can cover the excitation frequencies in both projects, and these projects do not involve

temperature sensing the AD5934 was selected in this study.

1.2.6 Applications

Given the significant similarities between the AD5933 and the AD5934, and the AD5933’s prevalence in the

existing related literature, in this section, previous work using this chip is included. To the author’s best

knowledge, the AD5934 and AD5933 impedance converters have not been previously used in fiber photometry.

However, they have widespread applications in impedance spectroscopy, in various fields including health

monitoring, agriculture, and environmental and structural health monitoring in various industries [3–11].

Many researchers have designed customized analog front-ends to interface the AD5933 with various

sensors to measure a wide range of parameters. For instance, Qui et al. interfaced the AD5933 with a

two-terminal capacitive pressure sensor. The device was implemented as a wearable chest patch. In this

configuration, the impedance was obtained by applying a 96 kHz voltage to the sensor and measuring the

subsequent current. The sensor impedance was an indicator of respiration [12].

In another study by Liu et al., the AD5933 was incorporated into a four-electrode bio-impedance mea-
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surement system for non-invasive glucose monitoring. A tetrapolar electrode was placed on the patient’s

fingertip, and its impedance was measured. In this four-electrode configuration, the current flowing through

two electrodes was controlled, while the voltage across the other two electrodes was measured [13].

Rieger et al. designed a highly configurable analog front-end for this impedance converter. This front-end

allows researchers to measure impedance in five modes. These modes include two, three, or four-terminal

measurements, which involve either the application of voltage and measurement of the resulting current

or vice versa. They proposed this impedance spectroscopy module as part of a multi-sensor system for

monitoring the functionality of medical implantable microelectrodes [14].

Several researchers have worked on improving the device’s accuracy and dynamic range. Stadnyk and

Khoma analyzed the frequency-dependent leakage error, which reveals crucial considerations for precise

measurements. Additionally, they investigated the impact of windowing techniques on the accuracy of

impedance calculations [2].

Matsiev further delved into the leakage error, and in addition to the AC leakage, quantified the error

resulting from the DC component of the AD5933’s input signal. This analysis, unlike the analysis in Sec-

tion 1.2.3 and Stanyk’s work, does not disregard the DC component of the signal. This leads to an additional

constraint on the measurable frequencies. Their mathematical analysis revealed that for eliminating the DC

leakage, the number of periods sampled must be an integer. Matsiev also proposed a method for measuring

DC impedance using the DC leakage [15]. Chabowski et al. also studied the practical considerations for the

operation frequency to improve the device’s accuracy [16]. Their experimental results were in close alignment

with the previously mentioned studies.

Some researchers have broadened the frequency range of the AD5934 by employing a configurable os-

cillator for the clock signal [17–19]. Notably, Hoja and Lentka, reported accurate measurements across

frequencies spanning seven decades. In addition, efforts to enhance the dynamic range of the system have

led some researchers to implement an adaptive gain scheme [20,21]. Chen et al., for instance, conducted pre-

cise measurements within the range of 0.02 kΩ to 200 kΩ, surpassing the specified impedance measurement

range of 1 kΩ to 10 MΩ in the AD5933 datasheet by one decade.

In this thesis, the selection of the AD5934 for the EIS device was driven by its proven versatility and

effectiveness, as demonstrated in previous works. Our objective was to customize an EIS system to measuring

cortisol concentration. Building upon the foundation of earlier research involving the AD5934, our efforts

were focused on optimizing key parameters such as the excitation signal, impedance range, form factor, and

scan timing to align with the requirements of cortisol analysis.

In the context of fiber photometry, the AD5934 can sinusoidally modulate the excitation light’s amplitude.

Amplitude modulation in a fiber photometry system offers advantages for low-light measurements and neural
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activity detection. Modulation helps mitigate low-frequency noise, particularly 1/f noise, which tends to

dominate at lower frequencies. By modulating the excitation signal, the system can reject signals and noise

in unwanted frequency bands. This enables the system to detect signals in response to different sources of

excitation. For fiber photometry with multiple optical excitation sources, a different AD5934 can be used

for driving each excitation source and calculating the subject’s response to it.

1.3 Summary

This chapter laid the foundation for understanding the operation of the AD5934 impedance converter for

studying systems by applying excitation signals and measuring their responses. Two crucial measurement

tools in biomedical research, fiber photometry and Electrochemical Impedance Spectroscopy (EIS) were

briefly introduced, and their relation to AD5934’s operation was discussed. Details about the impedance

converter’s hardware and measurement process were provided and practical considerations for accurate mea-

surement were presented. The chapter concluded by providing insights into the wide range of applications

of the AD5933 and AD5934 in various fields, including biomedical applications. With the basic fundamental

concepts covered, the subsequent chapters of the thesis focus on two systems utilizing this device: An in-vivo

fiber photometry system for neural recordings in mice (Chapter 2), and an EIS device for cortisol detection

in sweat (Chapter 3).
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Chapter 2

Fiber Photometry

2.1 Introduction

2.1.1 Motivation

Many aspects of neural activity, including neurotransmitter release, depend on intracellular calcium ions.

Calcium indicators are fluorescent transmembrane proteins that can bind to these intracellular calcium ions.

Consequently, their fluorescence properties change in response to changes in calcium levels. This change can

be an indication of neural activity. Fiber photometry is a technique that allows the in vivo measurement of

neural activity via fluorescence measurement. A fiber photometry system delivers light to calcium indicators

in the brain and measures the light which is emitted in response to this excitation. The emission light intensity

corresponds to the fluorescence and therefore calcium concentration. GCaMP, a genetically encoded calcium

indicator, is widely used for fiber photometry experiments. It can be encoded into the genome of organisms,

allowing researchers to target specific cells of interest leading to the expression of GCaMP in a specific type

of cells, for instance neurons or astrocytes. Many researchers have used GCaMP to study neural activity

in a variety of contexts, revealing valuable information about brain function [22]. However, there are still

limitations and challenges associated with fiber photometry systems. For example, conventional systems use

photomultiplier tubes (PMT) that require a high bias voltage or photodiodes that need high optical power.

This results in expensive bulky systems or leads to photobleaching or phototoxicity, respectively [23].

One potential solution to these challenges is the use of silicon photomultipliers (SiPMs) as the photode-

tector. SiPMs are silicon-based photodetectors that can be affordable, sensitive, and relatively low-voltage

alternatives to PMTs. This study explores the feasibility of using SiPMs in fiber photometry systems.
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2.1.2 Aims

The aim of this project is to develop a SiPM-based fiber photometry system to measure neural activity in

mice, using sinusoidally modulated excitation light. The fiber photometry system should meet the following

criteria:

• Can be powered by a 6 V voltage source.

• Use an optical excitation power less than 10 µW for in-vivo measurements.

• Be able to detect changes in fluorescence as small as 5%.

• Can correct for SiPM gain variations.

• Can mitigate the effects of motion artifacts.

This system will be implemented, characterized and its performance will be demonstrated in in-vivo

experiments. In characterization tests, the fluorescence of fluorescent solutions are measured in order to

evaluate the system’s stability, sensitivity, linearity, dynamic range, and robustness to artifacts. In in-vivo

experiments, we will use our fiber photometry setup to record brain activity in mice. These recordings will

be compared to those from a commercial fiber photometry system.

2.1.3 Organization

Section 2.2 provides background information on fiber photometry and the SiPM, demonstrating the potential

use of the SiPM in fiber photometry. Section 2.3 describes the design of the system and two methods to correct

for artifacts and stabilize the system’s gain. In Section 2.4, characterization test results, demonstrating the

system’s performance, are included. Section 2.5 includes results from in-vivo experiments using the designed

fiber photometry system.

2.2 Background

In this section, the basics of fiber photometry are first explained. Conventional hardware and signal pro-

cessing approaches are described with a focus on photodetectors used in fiber photometry. The SiPM is

introduced as a potential alternative, and its advantages and disadvantages are discussed.
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2.2.1 Fiber Photometry

Fiber photometry is a technique used to measure neural activity in deep brain structures of freely-moving

animals. In fiber photometry, the fluorescence of genetically-encoded calcium indicators (GECIs) in the brain

is measured. These measurements capture the fairly slow changes in intracellular calcium concentration in

the brain. This fluorescence is an indicator of neural activity in a targeted population of cells of a specific

type.

To measure the brain tissue fluorescence, a fiber optic patch cord is connected to a ferrule implant in the

subject’s brain, with the fiber tip embedded in a region of interest (Figure 2.1). Excitation light is directed

into the brain by the optical fiber. This causes the calcium indicator to fluoresce. The resulting emission

and backscattered excitation signal is collected back through the same fiber. The emission is separated using

optical filters and directed to a photodetector which measures the fluorescence emission light’s intensity [22].

Typical fiber diameters are from 100 to 400 µm. Thus, the signal represents population activity in a volume

around the tip of the fiber.
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Figure 2.1: (a) Block diagram of a simple fiber photometry system. (b) A mouse with an optical fiber
connected to a ferrule implant on its brain.

2.2.1.1 Isosbestic Control

One challenge with fiberoptic measurements in freely-moving animals is noise due to motion. Motion can

change the coupling between the implanted ferrule and the patch cord. This manifests as a change in the

measured signal which can be attributed to either a change in Ca2+ concentration or motion. Furthermore,

applying optical excitation to the tissue may lead to photobleaching which causes an exponential decay in

the emission from the tissue. Using additional illumination an isosbestic wavelength is one way to solve this

problem. GCaMP’s isosbestic wavelength is the excitation wavelength at which the emission intensities from

Ca2-bound and unbound GCaMP are the same [22].

17



The excitation and emission spectra of a GCaMP variant (GCaMP6f) are shown in Figure 2.2. At a

470 nm excitation, GCaMP bound to calcium is excited much more than unbound GCaMP, leading to

strong Ca2+-dependent fluorescence. At the isosbestic point, around 410 nm, both the bound and unbound

forms of GCaMP are equally well-excited leading to no Ca2+ dependence in the resulting fluorescence. The

artifacts however, are similarly reflected in the emissions corresponding to excitation at both 470 nm and

410 nm. Therefore, a simultaneous excitation at 410 nm can provide information about artifacts without

being affected by neural activity. This information can be used to isolate the neural activity signal from the

Ca2+-independent signals. The block diagram of a fiber photometry system with isosbestic control is shown

in Figure 2.3. Amplitude modulation, described in Chapter 1, allows for distinguishing between the emission

caused by each excitation wavelength [22].
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Figure 2.2: GCaMP6F’s excitation and emission spectra in Ca2-bound (+Ca) and unbound (-Ca) states.
Solid lines show the emission spectra at a 495 nm excitation and dashed lines show the excitation spectra [24].
The dashed vertical line marks the 470 nm wavelength.

 Emm.
SamplePhotodetector

Fi
be

r P
ho

to
m

et
ry

 S
ys

te
m

Photocurrent

470 nm exc.

410 nm exc.

Light
Source

Light
Source

Current at f1

Current at f2

Figure 2.3: Block diagram of a fiber photometry system with isosbestic control.
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2.2.1.2 Hardware

A typical fiber photometry setup consists of light sources, lenses, dichroic beamsplitters, optical filters, optical

fibers, and a photodetector. In a system with isosbestic control, two light sources with peak wavelengths

of 470 nm and 410 nm are used. Using dichroic beamsplitters and lenses, the two lights are combined and

directed to an optical fiber. This optical fiber is connected to the end of a fiber probe implanted in the brain

and delivers light to it. The light excites fluorescence and the emitted light as well as the backscattered

excitation light is collected by the fiber. It is filtered to isolate the portion in the GECI’s emission wavelength

range and reject the rest. The emission light is then directed to a photodetector [22].

Electronics for fiber photometry include a light source driver, a detector amplifier, and a data acquisition

system. The light source driver modulates the light source intensity. Most commonly, the intensity is

sinusoidally modulated at different frequencies for each light source. The detector amplifier amplifies the

weak fluorescence signal from the detector, and finally, the data acquisition system records the fluorescence

signal [23].

Commercial systems for fiber photometry are available. Notably, Doric Lenses (Quebec, Canada) offers

photometry cubes with built-in LEDs, filters, and detectors, as well as LED drivers and read-out electronics.

Along with a data acquisition system and software, this setup provides a convenient off-the-shelf solution

for researchers. However, these setups are bulky, expensive and use relatively high excitation powers in the

range of tens of microwatts [23,25], leading to photobleaching.

Researchers continue to develop novel photometry systems with the aim to achieve improved signal-

to-noise ratio, smaller size, lower power, or increased sensitivity compared to commercial systems. For

instance, a custom integrated circuit (IC) that incorporates low-power electronics required for photometry

was developed. The electronics, along with implantable and fiber-less optoelectronic setups, can provide a

wireless solution [26]. These devices however, suffer from low sensitivity and require high excitation powers.

Additionally, alternative photodetectors and electronics have been used to achieve better SNR and sensitivity

at lower excitation powers [23]. Alternative light source multiplexing approaches have also been explored to

enhance SNR [27].

2.2.1.3 Signal Processing

In fiber photometry using isosbestic control, the raw data is processed to obtain a metric called ∆F/F ,

where F is the fluorescence intensity and ∆F is the change in it. This signal represents the change in

Ca2+-dependent fluorescence intensity which corresponds to neural activity in the targeted cell population.

Several fiber photometry systems have been developed, and the specifics of signal processing may differ
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among them. For instance, they may use different filtering, fitting, or scaling techniques to process the

signals. Despite these differences, the general steps to calculate ∆F/F are typically the same. First, the

sensor output components corresponding to the Ca signal and control channels are extracted using the Fourier

Transform. The signals are then smoothed to remove high-frequency noise. After that, the signals’ baselines

are removed. This baseline includes low frequency fluctuations in the signal caused by factors other than

calcium concentration, for example photobleaching. Then the signal and control channels’ data are scaled

to the same level, resulting in two normalized and filtered signals with one main difference; one includes

calcium concentration information, and one does not. Finally, the processed control signal is subtracted

from the Ca-dependent signal (∆F ). This removes common artifacts from the main signal. To represent

the fluorescence change relative to the control signal (∆F/F ), the obtained ∆F is divided by the control

signal [22,28].

2.2.1.4 Photodetectors in Fiber Photometry

The most common photodetectors used in fiber photometry are silicon photodiodes, photomultiplier tubes

(PMT), and Complementary Metal-Oxide-Semiconductor (CMOS) cameras.

Photodiodes are the most widely used optical sensors in fiber photometry. Newport (California, USA)

offers a photoreceiver consisting of a silicon photodiode followed by an amplifier, providing a convenient solu-

tion for many researchers [29–35]. Despite their wide use, silicon photodiodes have relatively low sensitivity

compared to other detectors, such as photomultiplier tubes. As a result, in order to achieve high signal-to-

noise ratios, high optical powers (tens of microwatts) are often required, which can lead to photobleaching

or phototoxicity in biological samples.

Photomultiplier tubes are highly sensitive devices that are commonly used to detect and amplify optical

signals in several scientific fields. In fiber photometry, PMTs have been utilized to measure calcium concen-

tration in the brain, using excitation powers as low as 100 nW [23, 36, 37]. More recently, PMTs have also

been employed in fiber photometry to measure other biomarkers such as dopamine [38, 39]. While PMTs

are a valuable tool for studying neural circuits and behaviors, they have limitations. PMTs require a high

(hundreds to thousands of volts) bias voltage, are bulky, and can be easily damaged when exposed to high

levels of light.

CMOS cameras are also used in fiber photometry for measuring calcium concentrations [22,26,40]. CMOS

cameras are relatively low-cost, and can offer spatial information. However, they have lower sensitivity and

higher noise levels.
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2.2.2 The Silicon Photomultiplier

A silicon photomultiplier (SiPM) is a photodetector that consists of an array of hundreds or thousands of

integrated single-photon avalanche diodes (SPADs). Photons can trigger an avalanche process in SPADs,

creating an electrical current, which can be thought of as a digital signal - the avalanche may or may not

occur. When the SPADs are connected to a common readout, they can generate an analog signal produced

by the sum of the single SPAD signals [41]. The SPADs in an SiPM are also referred to as pixels.

SiPMs have become increasingly popular due to their numerous advantages, such as single-photon sen-

sitivity alongside broad dynamic range at a lower cost than PMTs. They are also insensitive to magnetic

fields, require a relatively low bias voltage (few tens of volts), have high gain, and good time resolution.

However, they have certain disadvantages such as a high dark-count rate and sensitivity to their bias voltage

and temperature [42, 43]. Despite these drawbacks, SiPM has emerged as a promising alternative to PMTs

in many applications.

SiPMs have found applications in particle physics, nuclear physics, and biomedical imaging. For instance,

SiPMs are used for gamma-ray detection to study gravitational wave electromagnetic counterparts [44].

SiPMs have been used for scintillation detection in calorimeters intended for electron-positron colliders [45,

46]. SiPMs are also utilized in Time-of-Flight (TOF) measurements in Light Detection and Ranging (LiDAR)

and in Positron Emission Tomography (PET) for biomedical imaging [47,48].

Detector Read-out

Optical detectors typically output a current which is usually measured using a transimpedance amplifier

(TIA) that converts a current to a voltage while holding a constant bias voltage across the detector. A

typical front-end for an SiPM is depicted in Figure 2.4. The op-amp bias voltage and a power supply set the

SiPM anode and cathode voltage respectively, controlling the SiPM bias voltage, while the TIA converts the

SiPM output current to a voltage. The TIA can have a capacitive or predominantly resistive feedback (Zf ).

The former is referred to as a Charge Sensitive Amplifier (CSA). For the latter, the capacitive portion of the

feedback sets the bandwidth. Based on the requirements of the application, either of these feedback networks

may be more appropriate for the SiPM read-out. CSAs are well suited to applications with a small charge

range that have strict noise requirements, but do not require high timing accuracy [49]. For instance, a CSA

is often used for positron emission tomography (PET) in medical imaging [50, 51]. A TIA with resistive

feedback is used when timing accuracy is important, for example in TOF-PET and fluorescence lifetime

measurements (FLT) [49,52,53].
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Figure 2.4: Typical SiPM read-out circuit. I is the photocurrent generated by the SiPM.

The Effect of Temperature and Bias Voltage on the SiPM Gain

The gain of an SiPM is the amount of charge that is produced for each photon that is detected, normalized

to the elementary charge. At a typical operating point, the SiPM gain is highly sensitive to its temperature

and bias voltage. At a higher bias voltage, the probability of avalanche breakdown in each SPAD is higher,

causing the gain to be higher. On the other hand, at a higher temperature, the energy that is needed to

cause the avalanche multiplication is higher. Therefore, the break-down voltage of the SPADs is higher and

the SiPM gain at a fixed bias voltage is lower. This relation is reflected in equation 2.1, where G is the

gain of the SiPM, Cpixel is the capacitance of a single pixel, Vbias is the bias voltage, VBD is the breakdown

voltage of the SiPM, and e is the charge of an electron [54].

G = Cpixel
(Vbias − VBD)

e
(2.1)

VBD changes linearly with temperature as evident in equation 2.2. In this equation, VBD(T ) represents

the breakdown voltage at temperature T , VBD0 is the breakdown voltage at a reference temperature T0, and

β > 0 is the temperature coefficient of the breakdown voltage [54].

VBD(T ) = VBD0 [1 + β(T − T0)] (2.2)

By substituting VBD from equation 2.2 in equation 2.1, gain can be written as a function of the bias

voltage and temperature (equation 2.3). In this equation, Cpixel’s variations, due to bias or temperature,

in the proximity of the operating point are ignored.

G = (
Cpixel

e
)Vbias + (β · Cpixel

e
· VBD0)T − Cpixel

e
· VBD0(1 + βT0) (2.3)
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Or simply:

G = aVbias + bT + c (2.4)

Where a, b, and c are constants. a and b are positive and negative respectively, meaning gain linearly

increases when increasing voltage, and linearly decreases when increasing temperature. For instance Gil et

al. reported a linear relationship between the gain of two S10362–11-025P (Hamamatsu, Japan) SiPMs and

their bias voltage. At a bias voltage of 72 V and temperature of 24 ◦C, gain changed by approximately 20%

when the bias voltage changed by 1%. Also, gain changed by approximately 7% in response to a 1% change

in absolute temperature [55].

Gain Stabilization

The sensitivity of the SiPM gain to temperature and bias voltage presents a challenge in applications that

require high accuracy. The stability of temperature and bias voltage are both important in order to keep the

gain constant. Efforts to stabilize gain have been focused on mitigating the effects of temperature variations

by two main methods. One is utilizing cooling systems to control the detector’s temperature accurately. The

other approach is monitoring the temperature and compensating for it accordingly. This compensation can

be done by adjusting the bias voltage, or by correcting the SiPM output in postprocessing.

The most commonly used method to control the SiPM temperature is the use of Peltier coolers [56]. For

instance, Anderson et al. thermally connected an SiPM to a Peltier plate. To stabilize the temperature,

the temperature was continuously monitored and the cooling element’s driving voltage was adjusted accord-

ingly [57]. Raylman et al. immersed an SiPM in a circulating bath of mineral oil to lower and stabilize its

temperature [56]. In another work, the SiPM enclosed in a copper enclosure. This enclosure was cooled with

a mixture of water and ethylene glycol circulating through brass tubing channels [58].

Gain stabilization can be achieved by utilizing a hardware feedback loop to adjust the SiPM’s bias voltage.

From equation 2.1 it can be inferred that, when temperature changes by ∆T , to keep gain constant, the bias

voltage should be adjusted based on equation 2.5.

∆Vbias =
−b

a
·∆T (2.5)

Bencardino and Eberhardt monitored the SiPM temperature by a thermistor. The SiPM was charac-

terized in order to find a temperature coefficient to convert temperature variations to their equivalent bias

voltage variations. Based on this coefficient, the thermistor’s output was scaled by an amplifier and applied

to the SiPM cathode. With a temperature variation of 3◦C, gain variations were reduced from 33% to
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1% [59]. Licciulli et al. used a second SiPM in the dark as the temperature sensor. The SiPM’s dark pulses

were detected and converted to a voltage adjusting the photodetector’s bias voltage. Using this compensation

method, gain variations were reduced by 28 times when temperature varied between 20◦C and 30◦C [54].

Alternatively, the required bias voltage can be determined in software. To control the SiPM gain, Mar-

rocchesi et al. set the SiPM bias voltage via a benchtop power supply according to continuous temperature

measurements [43]. Gil et al. designed a microcontroller-based programmable power supply for this pur-

pose, reducing gain variations by 60 times while the temperature varied between 20◦C and 30◦C [55]. Several

others have taken this approach to date [44,60–62].

SiPM readings can also be corrected in software. Gong et al. implemented this gain stabilization technique

in a SiPM-based spectrometer. They monitored the temperature, and corrected the output pulse amplitudes

of the SiPM to a reference temperature [63].

2.2.3 SiPM and AD5934 in Fiber Photometry

SiPMs have not yet been utilized in fiber photometry. However, they have excellent properties which make

them a promising photodetector in fiber photometry. Particularly, in contrast with APDs and CMOS

cameras, SiPMs’ high gain and sensitivity allow low excitation powers. While PMTs also have this advantage,

they require a much higher bias voltage. SiPMs on the other hand, are better suited to battery-powered

solutions because of their relatively low bias voltage. Moreover, SiPMs are more affordable. Therefore,

SiPMs can be explored as a viable option for fiber photometry applications.

The AD5934, despite being designed for impedance spectroscopy can be utilized in other measurement

systems that rely on amplitude modulation. The AD5934 generates data that represents amplitude and

phase of the sinusoidal current it receives while outputting a fixed sinusoidal voltage. When it is used to

measure an impedance, this data shows admittance. When interfaced with an optical system, this data can

represent fluorescence. To measure fluorescence, the AD5934’s sinusoidal output voltage can be used to drive

a light source to generate excitation light at a selected frequency. The resulting emission can be detected

by a photodetector. The photocurrent can be fed to the AD5934 for measurement. In this work, a fiber

photometry system, with an SiPM as the photodetector is designed. An AD5934 is used for the excitation

and read-out electronics.

2.3 Design

In this section, the three key blocks of the design - optics, electronics and signal processing - are de-

scribed. First, the fundamental structure of the system is presented. Then, two correction approaches
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(bias-monitoring and gain monitoring) and their corresponding design configurations are introduced.

2.3.1 Optics

In Ca2+-sensitive fiber photometry using GCaMP probes, a light source with a wavelength of 470 nm

causes fluorescence which is modulated by neural activity. Figure 2.5 illustrates the diagram of the optical

setup for measuring fluorescence. Here, amplitude modulation is used, and fluorescence is encoded as the

photodetector signal’s amplitude. A 470 nm LED is driven at the frequency of f1. The output light goes

through a low-pass dichroic beamsplitter and is directed to the fluorescent sample. The beamsplitter reflects

the resulting fluorescent light, which has a longer wavelength, onto the SiPM. This causes a photocurrent

proportional to the fluorescence.

Figure 2.5: Diagram of an optical setup for measuring Ca2+-dependant fluorescence. The dichroic beam-
splitter (DBS) transmits short wavelength blue light and reflected longer wavelength green light.

2.3.2 Electronics

Figure 2.6 illustrates an overview of the electronics. A microcontroller controls the AD5934 and sets the

SiPM’s anode voltage through a digital to analog converter. The cathode voltage is set by a high-voltage

voltage supply which is powered by an unregulated supply voltage (5.3-6.5 V). The rest of the electronics is

powered by a 5-Volt regulator. The AD5934 generates a sinusoidal voltage for driving the light source. A

voltage amplifier (VA) brings the voltage to the desired level. This voltage is input to a transconductance

amplifier (TCA) which drives the LED. This light causes the fluorescent emission which is directed to the

SiPM. The subsequent current through the SiPM is converted to a voltage by a transimpedance amplifier

(TIA). This voltage is fed back into the AD5934 to calculate the DFT at the excitation frequency. The result
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is read out by the microcontroller and sent via UART to a computer for further processing. Each part of

this setup is described in the following sections.
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Figure 2.6: Block diagram of the AD5934-based electronics for photometry.

2.3.2.1 Microcontroller

A PIC24FV16KM202 microcontroller (Microchip, AZ) was programmed to communicate with the AD5934

using the I2C protocol in order to set the measurement parameters, initiate the measurement, and read out

the resulting data. After reading the AD5934 data, the microcontroller sends it to a computer via UART

for further processing.

2.3.2.2 Excitation Stage

This stage consists of the AD5934, a voltage amplifier and a transconductance amplifier.

AD5934

The AD5934 generates a sinusoidal voltage with an offset of 775 mV and amplitude of 478 mV at the

frequency of 260 Hz. The 1024-point buffer is filled every 65 ms which includes 17 periods of the excitation

frequency. With an additional 8 ms for settling time and communication time, each round of excitation takes

approximately 73 ms. A sample of the fluorescence intensity is available after this time.

Voltage Amplifier

The AD5934s output is AC-coupled to a voltage amplifier’s (VA) input. The amplifier consists of an MCP642

op-amp configured as a low-pass inverting amplifier with a low-pass cut-off frequency of 1.78 kHz (Figure 2.7).
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The gain and DC offset can be adjusted by two potentiometers. The amplifier’s pass band voltage gain can

vary between 0.066 (-23.6 dB) and 3.3 (10.4 dB).
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Figure 2.7: The excitation stage: the AD5934 drives a voltage amplifier followed by a TCA. (a) Circuit
schematics. (b) VA gain when R1 = 500 kΩ and (c) when R1 = 10 kΩ, simulated in LTSPice. (d) LTSpice
transient simulation showing the LED current when R1 = 100 kΩ, R3−1 = R3−2, and R1 = 1 kΩ. R3−1 and
R3−2 refer to the two sections of the R3 potentiometer.
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Transconductance Amplifier

Since LED output is proportion to the current flowing through it, the voltage amplifier’s output is converted

to a current by the transconductance amplifier (TCA) to drive the LED (Figure 2.7). The TCA gain can

be adjusted by a potentiometer (R4) from 0.1 mΩ−1 to 2 µΩ−1 to change the LED drive current to adjust

excitation intensity.

The excitation stage sets the LED current according to equation 2.7 (AC level) and equation 2.9 (DC

level). The parameters in these equations are shown in figure 2.7.

iout =
1

R4
· vin,TCA (2.6)

=
1

R4
· R2

R1
· vo,AD5934 (2.7)

IOUT =
1

R4
· VIN,TCA (2.8)

=
1

R4
· R3−1

R3−1 +R3−2
· VDD (2.9)

2.3.2.3 Receive Stage

This stage includes a high-voltage supply, a transimpedance amplifier and the AD5934.
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Figure 2.8: The receive stage: a TIA followed by the AD5934’s internal amplifier. (a) Schematics. (b)
LTSpice simulation of the internal amplifier.

High-voltage Supply

A step-up DC-DC converter (TPS61391, Texas Instruments) generates a 55.32 V voltage to bias the SiPM

cathode.
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Trans-impedance Amplifier

Another MCP642 op-amp was configured as a TIA (Figure 2.8). The TIA is biased by the digital-to-analog

converter (DAC) of the microcontroller. Sockets are placed on the PCB for the TIA feedback impedance so

that the gain can be easily changed. The SiPM current flows into the feedback branch of the TIA, meaning

that the TIA output voltage is proportional to the SiPM current.

AD5934

The internal op-amp of the AD5934 is biased at the mid point of its supply voltage range. The output

and the inverting input pins of the op-amp are accessible through pins 4 and 5 of the AD5934 respectively.

This op-amp is configured as a band-pass filter with a gain of one and bandwidth of 71 Hz to 1 kHz. The

internal op-amp’s output is sampled at 15625 SPS by the AD5934’s ADC. The DFT of each 1024-point data

segment is calculated by the AD5934 at a rate of approximately 13.7 SPS, setting the overall fluorescence

measurement sampling rate. For each segment, two numbers representing the real and imaginary part of the

voltage at the excitation frequency are read by the microcontroller via I2C.

2.3.3 Signal Processing

The magnitude of the AD5934 data is proportional to the SiPM current and consequently corresponds to

the sample’s fluorescence. This magnitude is calculated in MATLAB according to equation 2.10 where R

and I are the AD5934 data associated with the real and imaginary part of the signal.

Magnitude =
√

R2 + I2 (2.10)

Further data processing can mitigate artifacts and better extract information about neural activity.

2.3.4 Mitigating Artifacts

As discussed in Section 2.2, variations in the SiPM’s temperature and bias voltage affect its gain. In this

section, two methods (bias monitoring and gain monitoring) for addressing these issues are presented. The

gain monitoring method is also intended for mitigating motion artifact which affect the overall system gain.
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2.3.4.1 Bias Monitoring

The gain of an SiPM varies linearly with changes in temperature and bias voltage. As discussed in Section 2.2,

many researchers have controlled the SiPM gain, by monitoring temperature and accurately controlling the

bias voltage to account for temperature changes.

To implement a similar correction scheme in the present system, an additional temperature sensor must

be used. The temperature of the SiPM must be continuously monitored, and the anode voltage should be

adjusted accordingly. However, the accuracy and precision of the bias voltage limit the performance of this

setup and are not well-suited to a compact low-power implementation.

Alternatively, the system’s output can be corrected in software based on measurements of the bias voltage

and temperature. This section presents a model for correcting the output signal amplitude based the bias

voltage. Since gain’s relationship with both the bias voltage and temperature follows the same mathematical

form, this model can be similarly effective in compensating for temperature variations.

Optics and Electronics Setup

The optical setup remains unchanged, while an addition is made to the electronics (Figure 2.9). The high

voltage supply’s output is attenuated by approximately 11 times using a resistor divider to, bring it to a low

voltage level. This attenuated voltage is then buffered to enable monitoring by the microcontroller’s ADC

or an external data acquisition device.
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Figure 2.9: Block diagram of the electronics for the bias monitoring setup.
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Correction Model

In this section, a method to correct for bias voltage variations at a fixed temperature is presented. The goal

is to find the equivalent phototedector signal at a certain SiPM bias voltage for different values of the bias

voltage.

Let vout be the TIA output, and pin be the optical power received by the SiPM. The photometry system

measures the TIA output voltage amplitude (vout) which corresponds to the optical power signal amplitude

(pin).

When measuring fluorescence, pin is unknown. The objective is to correct vout based on bias voltage

(VHV ) recordings. That is, at a given VHV of VHV 1, which leads to a vout of vout1, we need to find what vout

would have been if VHV was at the nominal operating point of VHV 0.

System gain (A, defined in equation 2.11) is linearly dependent on the bias voltage VHV .

A =
vout
pin

(2.11)

A(VHV ) = aVHV + b (2.12)

The output signal voltage amplitude can be written as a function of VHV and pin:

vout(VHV , pin) = A · pin = (aVHV + b) · pin (2.13)

At the operating point with a fixed optical power:

vout = vout0, VHV = VHV 0, pin = pin0 (2.14)

At a fixed known pin of pin0:

vout(VHV , pin) = vout(VHV , pin0) (2.15)

= (aVHV + b) · pin0 (2.16)

= apin0VHV + bpin0 (2.17)

By recording data at a fixed optical power and fitting a linear regression model to the data with vout and

VHV being the dependent and independent variables respectively, we can find the coefficients apin0 = a0 and

bpin0 = b0.

We will use the first-degree Taylor polynomial expansion of vout as a function of VHV and pin to approx-
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imate vout(VHV 0, pin1).

vout(VHV 0, pin1) ≈ vout(VHV 1, pin1) +

(
∂vout
∂VHV

∣∣∣∣ VHV =VHV 1
pin=pin1

)
· (VHV 0 − VHV 1) (2.18)

= vout(VHV 1, pin1) + a · pin1 · (VHV 0 − VHV 1) (2.19)

All variables in the question above are known, except for a.pin1. To express this term in known variables we

can rewrite is as:

a · pin1 = a · pin0 ·
pin1
pin0

= a0 ·
pin1
pin0

(2.20)

From equation 2.13 we have:

vout(VHV 1, pin1)

vout(VHV 0, pin0)
=

vout1
vout0

(2.21)

=
aVHV 1 + b

aVHV 0 + b
· pin1
pin0

(2.22)

=
pin0
pin0

· aVHV 1 + b

aVHV 0 + b
· pin1
pin0

(2.23)

=
apin0VHV 1 + bpin0
apin0VHV 0 + bpin0

· pin1
pin0

(2.24)

pin1
pin0

=
vout1
vout0

· a0VHV 0 + b0
a0VHV 1 + b0

(2.25)

Substituting equation 2.25 in equation 2.20 we get:

a.pin1 = a0
vout1
vout0

· a0VHV 0 + b0
a0VHV 1 + b0

(2.26)

And finally, by substituting a.pin1 in 2.19, we have:

vout(VHV 0, pin1) = vout1 + a0
vout1
vout0

· a0VHV 0 + b0
a0VHV 1 + b0

· (VHV 0 − VHV 1) (2.27)

Where:

vout(VHV 0, pin1) is the corrected output signal magnitude.

vout1 = vout(VHV 1, pin1) is the measured output signal amplitude.

vout0 = vout(VHV 0, pin0) is the measured output used to create the linear model.

a0 and b0 are the coefficients from applying linear regression on the modelling data.

VHV 0 is the bias voltage at the reference operating point.
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VHV 1 is the bias voltage at the measurement point.

To find the model parameters, the high voltage bias and the system output at a fixed received optical

power are recorded. In MATLAB, a linear regression model is fitted to the data, with bias voltage being the

independent variable and the output signal amplitude being the dependent variable.

2.3.4.2 Gain Monitoring

The bias monitoring method requires accurate measurement of the bias voltage and temperature, data

collection for modelling, calculating model parameters, and correcting the data. This requires additional

sensors. Moreover, because of the variations in characteristics of different SiPMs, each device requires a

unique model which is valid only in proximity to the operating point. The method introduced in this section

relies on direct monitoring of the system’s gain as opposed to monitoring the factors affecting it. As a

result, variations caused by multiple sources are simultaneously accounted for. As discussed in Section 2.2,

isosbestic control is commonly used in fiber photometry to correct for photobleaching and motion artifacts.

The isosbestic control signal can also be used as a control for photodetector’s gain.

Optics Setup

The conventional fiber photometry setup with isosbestic control is used here. In this setup, two LEDs with

center wavelengths of 470 nm (XQEBLU, Cree LED) and 410 nm (QLUV04J3U, Quelighting Corp) are used.

The emission light of the two LEDs are collimated by lenses (F240FC-A, Thorlabs). The output of the 470 nm

LED is then filtered by a band-pass filter (DBS) with a center wavelength of 470 nm (ET470/24m, Chroma).

Similarly, the 410 nm LED’s output is band-pass-filtered with a center wavelength of 410 nm (FB410-

10, Thorlabs). Both beams are incident on a 425 nm high-pass dichroic beamsplitter (DBS) (DMLP425,

Thorlabs). The DBS passes the 470 nm beam and reflects the 410 nm one. As a result, the two beams are

combined into one. This combined beam is incident on another high-pass DBS (T495lpxr, Chroma). Since

both wavelengths are shorter than the DBS’s cut-off wavelength (495 nm), the combined beam is reflected

by the DBS. A lens (F240FC-A, Thorlabs) couples light into a fiber optic patch cord for delivery to the

sample. The resulting fluorescent light is collected by the patch cord and directed to the 495 nm high-

pass DBS. GCaMP’s peak fluorescence emission wavelength is at 514 nm and the spectrum has a positive

skew (Figure 2.2). Therefore, the fluorescent light passes through the DBS. A band-pass filter (ET525/50,

Chroma) is used to filter the fluorescent light before being focused on to the SiPM (Fig. 2.10).
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Figure 2.10: Block diagram of the optical setup with isosbetic control.

Electronics

The electronics are the same as the original design (Section 2.3.2), with an additional control signal path for

the isosbestic channel (Figure 2.11). Each of the AD5934s generates an excitation signal and calculates the

DFT at its respective channel’s frequency.
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Figure 2.11: Block diagram of the electronics.

Correction Scheme

If the photodetector’s current consists of two components, one only reflecting sensor gain and one additionally

including an unknown gain, the unknown gain can be extracted. Figure 2.12 represents a measurement system
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like this. In this diagram, x1 and x2 are optical excitation signals with constant amplitudes of |X1| and |X2|

and frequencies of f1 and f2 (equation 2.28). x1 is affected by an unknown varying gain (Au). The second

excitation light (x2) is used for monitoring the system gain. Unlike Au, A0 which affects x2 is constant. A

sensing system with a gain of AS converts the optical signal to an electrical one (z).
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Figure 2.12: Block diagram representing a system with gain monitoring control.

x1(t) = |X1| · sin(2πf1t+ φ1) +B1, x2(t) = |X2| · sin(2πf2t+ φ2) +B2 (2.28)

z is the combination of two signals at f1 and f2.

z = AuAsx1 +A0Asx2 (2.29)

By calculating the Fourier transform, the amplitude of both signal components can be determined.

|Z1| = AuAs|X1| (2.30)

|Z2| = A0As|X2| (2.31)

In equation 2.31, |Z1| and |Z2| are the amplitudes of the f1 and f2 components of z. By taking the ratio

of these two amplitudes, a metric proportional to Au will be obtained which is not affected by changes in

As.

|Z1|
|Z2|

=
|X1|

|X2|A0
·Au (2.32)
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In fiber photometry using GCaMP, the isosbestic channel can act as the gain monitoring signal in this

scheme. However, the correction scheme is slightly more complicated as the sample includes two fluorescent

elements: Calcium-bound GCaMP and unbound GCaMP. The goal is to extract the calcium-bound GCaMP

fluorescence from channel 1’s signal which contains both of the fluorescent elements.

The block diagram in Figure 2.13 illustrates a model for fiber photometry with isosbestic control. In this

diagram, x1 and x2 are optical excitation signals with constant amplitudes of |X1| and |X2|. x1 and x2 have

a wavelengths of λ1 (410 nm) and λ2 (470 nm) respectively. Similar to the previous model discussed, x1 and

x2 are sinusoidal signals with frequencies of f1 and f2. These signals are combined and are directed to a

sample with a fluorescence capability of AF (λ). Motion can cause changes in the intensities of the excitation

light delivered and the emission light collected. These can be combined into a gain Aa representing artifacts.

A sensing system with a noisy gain of AS converts the optical signal to an electrical one (z).
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Figure 2.13: Block diagram of a model for fiber photometry with isosbestic control.

The AD5934s generate the LED driving signals corresponding to x1 and x2, and calculate the DFT of

z at their respective frequency to extract the signal amplitudes at f1 and f2. The results are eventually

received by MATLAB which performs the following processing. The goal of this processing is to derive a

metric that represents the changes in concentration of calcium in the sample. The following analysis shows

that the metric ∆z/z represents the calcium concentration, and it is robust to sensor gain changes and

artifacts present in fiber photometry.

AF (λ) Affects the two excitation wavelength differently. The resulting fluorescent emission (y) consists

of two components (y1 and y2) corresponding to excitation at λ1 and λ2 (equation 2.33).

y = y1 + y2 = AF (λ1)x1 +AF (λ2)x2 (2.33)
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When multiple (N) fluorescent substances are present, AF (λ) is the sum of the fluorescence capability of

all substances (equation 2.34). In equation 2.34, AF,i(λ) is the fluorescence capability of the ith substance

at the excitation wavelength of λ. Ci is the concentration of the ith substance and Fλ,i is its intrinsic ability

to fluoresce which is a constant.

AF (λ) =

N∑
i=1

AF,i(λ) =

N∑
i=1

CiFλ,i (2.34)

There are two main fluorescent components in fiber photometry (N = 2): GCaMP bound to calcium

(GCa), and GCaMP not bound to calcium (free, Gf). From equation2.34, AF (λ) depends on the concentra-

tion of each, and its ability to fluoresce at the excitation wavelength (λ). Changing indices (i) from equation

2.34 to GCa and Gf , AF (λ) can be written as:

AF (λ) = AF,GCa(λ) +AF,Gf (λ) = CGCaFλ,GCa + CGfFλ,Gf (2.35)

From equations 2.33 and 2.35, fluorescent lights y1 and y2 can be determined based on GCaMP’s fluo-

rescence capability and concentration (Equations 2.36-2.37).

y1 = (CGCa · F470,GCa + CGf · F470,Gf )x1 (2.36)

y2 = (CGCa · F410,GCa + CGf · F410,Gf )x2 (2.37)

Since 410 nm is the isosbestic point of GCaMP, F410,GCa = F410,Gf and is denoted by F410. Therefore:

y2 = (CGCa + CGf )F410x2 = CGF410x2 (2.38)

where CG = CGCa + CGf is the total concentration of GCaMP which is fixed.

The sensing gain and artifacts can be represented as a total system gain of G = Aa ·AS . So, the measured

signal (z) is:

z = z1 + z2 = Gy = Gy1 +Gy2 (2.39)

z1 = G (CGCaF470,GCa + CGfF470,Gf )x1 (2.40)

z2 = GCGF410x2 (2.41)
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If in a period of time, the calcium concentration is constant (CGCa = C0), z1 and z2 are:

z1,0 = G (C0F470,GCa + CGfF470,Gf )x1 (2.42)

z2,0 = GCGF410x2 (2.43)

z1,0 can be written as a function of z2,0. From equation 2.43:

CGf = CG − C0 =
z2,0

GF410x2
− C0 (2.44)

Substituting in equation 2.42

z1,0 = G

(
C0F470,GCa +

z2,0
GF410x2

F470,Gf − C0F470,Gf

)
x1 (2.45)

=

(
F470,Gfx1

F410x2

)
z2,0 + (GC0F470,GCax1 −GC0F470,Gfx1) (2.46)

If a linear regression model is fitted to z2,0 against z1,0, the slope m and intercept b of the model will be:

m =
F470,Gf

F410
· x1

x2
(2.47)

b = GC0(F470,GCa − F470,Gf︸ ︷︷ ︸
F ′

470

)x1 = GF ′
470C0x1 (2.48)

This model can scale z2 (from equation 2.41) to the level of z1.

z′2 = mz2 + b (2.49)

=
F470,Gf

F410
· x1

x2
· (GCGF410x2) +GF ′

470C0x1 (2.50)

= F470,GfGCGx1 +GF ′
470C0x1 (2.51)

By subtracting z′2 from z1, the effect of unbound GCaMP can be removed from z1.

∆z = z1 − z′2 (2.52)

= G (CGCaF470,GGa + CGfF470,Gf )x1 −GF470,Gf (CGCa + CGf )x1 −GF ′
470C0x1 (2.53)

= Gx1 (CGCaF470,GCa − C0F
′
470 − CGCaF470,Gf ) (2.54)

= Gx1 (F
′
470CGCa − C0F

′
470) (2.55)

= Gx1F
′
470 (CGCa − C0) (2.56)
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By dividing ∆z by z′2, the effect of a varying system gain (G) will also be removed.

∆z

z
=

z1 − z′2
z′2

=
GF ′

470 (CGCa − C0)x1

GF470,GfCGx1 +GF ′
470C0x1

(2.57)

=
F ′
470 (CGCa − C0)

F470,GfCG + F ′
470C0

=
CGCa − C0

C0 +
F470,Gf

F ′
470

CG

(2.58)

≈ CGCa − C0

C0
(2.59)

The approximation in equation 2.59 requires that :

C0 >>
F470,Gf

F ′
470

CG (2.60)

⇐⇒ C0

CG
>>

F470,Gf

F470,GCa − F470,Gf
(2.61)

⇐⇒ C0

CG + C0
>>

F470,Gf

F470,GCa
(2.62)

If the fluorescence capability of GCaMP proteins bound to calcium is sufficiently larger than that of

unbound GCaMP proteins, equation 2.62 is true. Under this condition, ∆z/z represents the deviation of

calcium concentration from a reference value of C0. This metric is not affected by variations in system gain

which can be caused by SiPM gain changes and motion artifacts.

Note that ∆z
z is equal to z1

z′
2
−1 which is z1

z′
2
with a constant offset. This metric is similar to |Z1|

|Z2| in equation

2.32. In the case of fiber photometry, scaling is required in order to remove the varying Ca-unbound GCaMP

signal from the first channel.

2.4 Characterization

To evaluate and finalize the design, two sets of experiments were done. First, in order to compare the two

correction schemes (bias monitoring and gain monitoring) characterization tests were done with a simplified

system, using a function generator and data acquisition card instead of the AD5934s. In this simplified

system, instead of fluorescence emission, an LED’s output light was measured. These tests verified that the

LED’s output light can be detected and measured, and the signal amplitude can be calculated and corrected.

Based on the results, the gain monitoring correction method was selected for further experiments.

In the second set of characterization tests, the fluorescence of fluorescent samples was measured, first using

off-board electronic devices, and then using the on-board AD5934 chips in their stead. Performance of the

two setups was compared. These tests verified the AD5934-based system’s ability to measure fluorescence.
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2.4.1 Characterization of the Simplified System

In the simplified setup, an LED, with an output wavelength range similar to GCaMP emission, was sinu-

soidally driven and its output light was measured. For the gain monitoring correction method, an additional

LED was used as the control. The purpose of these characterization tests is to evaluate the system’s ability

to measure modulated light with the wavelength of interest. A 33522A function generator (Agilent, USA)

was used to drive the LED(s) via the on-board TCA(s). A USB-6211 data acquisition device (National

Instruments, USA) was used to acquire the output voltage of the TIA. The Fourier transform calculation

and further data processing was done in MATLAB.

Two types of tests were conducted: 1. Stability Test and 2. Steps Test.

In Stability Tests, the main LED’s driving current is a sinusoidal signal with a fixed amplitude and offset.

The TIA output voltage is recorded. Signal-to-Noise Ratio (SNR), defined below, is calculated as a measure

of variation in the output. A higher SNR means the recorded signal is more stable, indicating successful

mitigation of artifacts. In equation 2.63, µ is the mean of output signal amplitudes calculated over a certain

period of time, and σ is the standard deviation of these amplitudes.

SNR =
µ

σ
(2.63)

In Steps Tests, the LED’s current (both amplitude and offset) increases by a certain amount over multiple

steps each lasting a fixed amount of time. Contrast-to-Noise Ratio (CNR), defined below, is calculated

between each two consecutive steps. The average CNR is used to evaluate how well the different steps are

differentiated by the device. A higher CNR corresponds to a higher resolution.

CNR =
|µ2 − µ1|√
1
2 (σ

2
2 + σ2

1)
(2.64)

These tests were done under three conditions: nominal conditions, in presence of a controlled thermal

perturbation, and with motion artifacts. Note that all three include noise in the high voltage supply and

ambient temperature variations. In this section, the setup for both correction schemes are described. The

results of Stability and Steps Tests under the three conditions are presented. Comparing the results revealed

that the gain monitoring method was more effective in mitigating artifacts.
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2.4.1.1 Optics Setup

To assess the system’s ability to measure low-power light at the wavelength of interest, the system was set

up to measure the output light of a 516 nm LED, referred to as the main LED. A control LED with a

wavelength of 560 nm was also used. In this setup, a beamsplitter passes and reflects a portion of the main

and control LEDs’ outputs respectively. As a result these portions of the LED output lights are combined

into a beam that is incident on an SiPM (S13360-1375PE, Hamamatsu). This generate a photocurrent in

the SiPM (Figure 2.14).
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Figure 2.14: The optical setup for characterization tests (a) block diagram (b) photo of the setup.

2.4.1.2 Electronics

The AD5934s were switched to idle mode and disconnected from the TCAs. The TCAs were driven by a two-

channel function generator (Agilent 33522A). DC voltage was used for optical power measurements, while

sinusoidal voltages at 260 Hz and 290 Hz were applied to the main channel and control channel respectively

for all other tests.

A NI USB-6211 data acquisition device was used to measure the voltage at the TIA output and the high-

voltage supply output at a sampling rate of 10,000 SPS. The DFT of each 100 ms data segment (1000 samples)

was computed in MATLAB, proving information in the 0 Hz to 5 kHz range with a frequency resolution

of 10 Hz. The amplitude of the 260 Hz and 290 Hz signal components were determined based on the DFT

calculation. Consequently, signal amplitude data was obtained at a rate of 10 SPS.
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Figure 2.15: SiPM current with reference to its bias voltage while receiving a constant optical power.

2.4.1.3 Operating point

To observe the gain and break-down voltage of the SiPM, the main LED was driven to a fixed power.

The SiPM was biased by a sourcemeter (Kiethley 236, USA) and the its current was measured at different

bias voltages (Figure 2.15). The break-down voltage was observed to be approximately 51.9 V. The SiPM

cathode voltage was set to 55.32 V by the high-voltage voltage source, while the anode voltage was set by

the microcontroller’s DAC. The choice of anode voltage was made based on a trade-off between SiPM gain

and the TIA’s output voltage swing. Lowering the anode voltage increases the SiPM gain, but it also limits

the output voltage swing of the TIA. To balance these factors, an anode voltage of 2.71 V was selected,

setting the SiPM bias voltage to 52.61 V, and allowing the TIA output to vary between 0 V and 2.71 V.

The LED output power at different driving voltages was measured by a S130VC detector and PM100USB

powermeter interface (Thorlabs, NJ). Figure 2.16 shows the results. The main LED and the control must be

driven to a maximum optical power of approximately 100 pW, to stay within the linear region. We selected

a sinusoidal output light power with an offset and amplitude of approximately 50 pW as the operating point

for both channels.

2.4.1.4 Bias Monitoring

Nominal Operation

For the stability test, the main LED was driven at the chosen operating point and the control LED was

turned off. The TIA output and the attenuated bias voltage were recorded for 20 minutes. The last 1-minute

42



0 0.5 1 1.5 2
Input Voltage (V)

0

50

100

150

200

250

O
ut

pu
t P

ow
er

 (
pW

)

0 1 2 3 4
Input Voltage (V)

0

20

40

60

80

100

120

O
ut

pu
t P

ow
er

 (
pW

)

Figure 2.16: LED output optical power with reference to the TCA’s driving voltage; (a) Main LED (b)
Control LED

segment of the data was used to calculate the correction model parameters. An R2 of 0.455 was obtained

for the regression model. This model was used to correct the rest of the data. Figure 2.17 shows the output

signal’s amplitude before and after correction using the bias monitoring method. The SNR improved from

311 to 363 after correcting for SiPM bias variations.
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Figure 2.17: The TIA output in a 20-minute stability test using a single light source (a) before and (b) after
correction using the bias monitoring correction scheme.

For the steps test, the driving voltage of the LED was changed in ten steps of 1%, from 95% to 105% of

the operating point, each lasting 30 seconds. Figure 2.18 shows the results before and after correction. The

average CNR was 3.47 and did not improve with correction.
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Figure 2.18: The TIA output in a Steps test using a single light source before and after correction using
the bias monitoring correction scheme. The output amplitude was normalized to scale the mean at the
operating point to one. Each box displays the median at the center, with the box edges indicating the 25th
and 75th percentiles. Whiskers extend to non-outlier extremes, while outliers are marked individually with
‘+’. Outliers are data points that are greater than q3+1.5× (q3− q1) or less than q1− 1.5× (q3− q1), where
q1 and q3 are the 25th and 75th percentiles, respectively.

Temperature Change

A change in temperature can impact the SiPM gain. In order to observe the effect of temperature, an

IRF510 MOSFET (Vishay Intertechnology, USA) was attached to the back of the SiPM board. The SiPM

was heated by passing a 170 mA current through the FET for a duration of 750 ms, while the LED drive

was kept constant. The resulting change in gain is illustrated in Figure 2.19 (a). A 60-second recording

yielded an SNR of 65. No improvement in SNR was observed after correction. This was expected, because

to correct for thermal variation, temperature sensing is required which was not implemented in this system.

A Steps Test was conducted with ten 60-second steps. During each step, the sensor temperature was

increased in the same way. The result is shown in Figure 2.19 (b). The average CNR did not improve after

correction.

Motion Artifacts

In order to mimic the effects of motion artifacts, the sensor mount was rotated for approximately 180 degrees,

which caused the fiber to be pulled and moved. It was then returned to its initial position. This rotation was

performed eight times in a period of 60 seconds. Figure 2.20 shows a stability test and a steps test under

this condition. In the stability test, the SNR in a 60-second recording was 81. No improvement in the SNR

was observed after correction. This was expected as the correction scheme can only correct for bias voltage
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Figure 2.19: Effect of heat on the SiPM gain. (a) A 1-minute stability test using a single light source after
correction using the bias monitoring correction scheme. During the period where VGS = 4 V, the FET is
on and heating up the sensor. (b) A bias-corrected steps test while applying thermal perturbations to the
sensor.
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Figure 2.20: The effect of motion artifacts on the single light-source system output after bias-correction. (a)
A 1-minute stability test. (b) A Steps Test.

variations. Figure 2.20 (b) shows a steps test with five 60-second steps. A negative CNR was observed,

meaning that the system was not able to detect the increase in power in each step.

As demonstrated above, motion artifact and temperature changes limit the system’s performance. As

discussed in section 2.2, by adding a temperature sensor and monitoring and controlling the SiPM bias, the

effect of temperature can be mitigated. However, this method cannot be used for motion artifacts.
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Figure 2.21: A 20-minute stability test using the gain monitoring correction method.

2.4.1.5 Gain Monitoring

Nominal operation

For the gain monitoring system, both LEDs were sinusoidally driven at the selected operating points. In

this simplified system, there is no fluorescence and the measured light comes directly from LEDs. So, it can

be modelled by the system shown in Figure 2.12. Therefore, correction can be done by simply dividing the

first channel’s signal by the second channel’s signal.

Figure 2.21 shows a 20-minute recording of the output signals’ amplitude. The SNR for the control

channel, main channel and the corrected signal was 197, 190 and 468 respectively, showing a significant

improvement with correction.

A steps test with ten 30-second steps was performed. Results are shown in Figure 2.22. Correction

improved the average CNR from 2.53 to 3.02.
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Figure 2.22: A steps test using the gain monitoring correction method.
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Figure 2.23: A 1-minute stability test using the gain monitoring method to correct for the effects of heat on
SiPM gain.

Temperature Change

Similar to the previous section, the effect of a change in temperature on the system’s gain was studied. In

a one-minute recording at the operating point, correction improved the SNR from 59 to 368 (Figure 2.23).

In a steps test, the CNR improved from 0.24 to 3.51 (Figure 2.24)
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Figure 2.24: A steps test test using the gain monitoring method to correct for the effects of heat on SiPM
gain.

Motion Artifacts

Motion artifacts were mimicked in a similar way to the previous section. Correction by gain monitoring

successfully mitigated the motion artifacts. Results of a stability test and a steps test are illustrated in
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Figure 2.25: A 1-minute stability test using the gain monitoring method to correct for the effects of motion
artifacts.
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Figure 2.26: A steps test using the gain monitoring method to correct for the effects of motion artifacts.

Figures 2.25 and 2.26. In the stability test, correction improved the SNR from 71 to 315. In the steps test,

CNR improved from -0.553 to 2.65.

2.4.1.6 Discussion

A simplified version of our fiber photometry system was implemented to evaluate its credibility and char-

acterize the system. First, we selected an appropriate operating point for measurement of the output light

intensity of a green LED. Then, a set of characterization tests were done to compare the two correction meth-

ods. These tests included stability and steps tests with and without the presence of thermal perturbations

and motion artifacts. The results are presented in tables 2.1 and 2.2. Based on these results, it is evident
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that the gain monitoring method is capable of compensating for multiple sources of variation simultaneously.

Even in nominal operation, without introducing any additional artifacts, this method outperforms the bias

monitoring method in terms of SNR.

The performance of the system deteriorates significantly in the presence of temperature changes and

motion artifacts. In particular, when motion artifacts are present, a 1 percent increase in light level may be

indistinguishable. However, the gain monitoring method is capable of correcting for artifacts, resulting in

detectable changes.

These results indicate that the gain monitoring method offers better system resolution, precision, and

accuracy. Therefore, this method was selected for the finalized system, and all subsequent experiments were

conducted using gain monitoring.

Correction Method Nominal operation Heat Motion
Raw Corrected Raw Corrected Raw Corrected

Bias Monitoring 311 363 65.5 64.7 81.1 81.8
Gain Monitoring 190 468 58.6 368 71 315

Table 2.1: SNR in stability tests.

Correction Method Nominal operation Heat Motion
Raw Corrected Raw Corrected Raw Corrected

Bias Monitoring 3.99 4.22 0.393 0.384 -0.581 -0.648
Gain Monitoring 2.53 3.02 0.24 3.51 -0.553 2.65

Table 2.2: Average CNR in steps tests.

2.4.2 Characterization of the Fluorescence Measurement System

The fluorescence measurement optical setup, previously described in Section 2.3.4.2, was implemented. This

setup was used to measure the fluorescence of fluorescein isothiocyanate (FITC) solutions in water. FITC

has an excitation and emission spectrum similar to GCaMP without the Ca2+-dependence.

To measure fluorescence, a patch cord was dipped in the samples to deliver the excitation light and collect

the emission light. Stability tests using off-board devices (DAQ device and function generator) and the on-

board AD5934 were performed. Results of a stability test with the two electronic implementations were

compared. Once the AD5934-based implementation’s functionality was validated, different concentrations

of FITC were measured to demonstrate the device’s sensitivity.
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Figure 2.27: The fluorescence measurement setup; (a) a photo of the setup, and (b) the diagram of the
optics.

2.4.2.1 System Setup

Figure 2.27 shows the implemented fluorescence measurement setup. The electronics shown in Figure 2.27

(a) is the PCB which includes the AD5934 chips. The diagram (b) is the same as the one in Section 2.3.4.2.

For both electronic implementations, similar to the previous tests, the SiPM bias was set to 52.61 V.

The electronics were set to drive the 470 nm and 410 nm LEDs to maximum optical powers of 3.80 µW and

3.92 µW respectively. This power level was selected based on the SNRs obtained in a series of stability tests

using the function generator and the DAQ device at different operating points where the fluorescence of a

0.25 µM FITC solution was measured (Table 2.3). As expected, the highest tested power resulted in the

highest SNR. An SNR of 640 means the variation is less than 0.16 %, while the aim is to detect changes of

5%. The excitation power is also within the target range of 10 µW . Therefore, the highest optical power

tested was selected for the following tests.

The concentration of FITC was selected based on initial tests using a commercial system by Doric Lenses.

In a 0.25 µM solution, the fluorescence emission level was similar to that of a GCaMP-expressing mouse’s

brain in a fiber photometry experiment.

Note that in response to a 410 nm excitation, FITC has very low fluorescence, and the fiber’s autoflu-

orescence is dominant in the sample’s emission (Figure 2.28). Therefore, in these characterization tests,

correction mostly relies on the fiber autofluorescence at 410 nm excitation. Because the autofluorescence is

weak, a relatively higher 410 nm excitation power is required comparing to fiber photometry experiments.
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470 nm \ 410 nm power (µW ) 0.75 1.80 2.86 3.92
0.70 142 130 118 104
1.73 365 363 353 333
2.77 351 544 552 478
3.80 399 569 629 640

Table 2.3: SNR after correction
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Figure 2.28: The excitation spectrum of FITC [64]. The relative excitation efficiencies at 410 nm and 470 nm
are 5% and 43%, respectively.

2.4.2.2 Test Results

A one-minute stability test was done with both electronic implementations. Using the external devices,

the SNR during a 1-minute recording of a 0.25 µM solution was 680 and 634 before and after correction

respectively (Figure 2.29 (a)). In comparison, SNRs of 380 and 371 were observed before and after correction

when using the on-board AD5934s (Figure 2.29 (b)). The external electronic device’s showed a higher SNR.

However, an SNR of 371 corresponds to a variation of 0.27% in the signal. This variation is well below the

targeted resolution of 5%. Therefore, the AD5934-based implementation has an acceptable performance.

Although in the stability test, correction reduced the SNR, overall, correction improves the system’s

robustness to non-ideal conditions. To demonstrate, a one-minute recording using AD5934s with a thermal

perturbation is shown in Figure 2.30. Here, correction improves SNR from 113 to 387.

To demonstrate the dynamic range of the system, six FITC solutions with concentrations of 6.25 pM to

0.4 µM were measured. The system output was scaled by a simple linear regression model to convert the

numerical outputs to a concentration in micromolars. With a root mean square error 0.0027, the system

output accurately measured the concentration of FITC in the 0.0125 µM to 0.4 µM range. The system’s

output for each concentration and the errors are shown in Figure 2.31 and Table 2.4. Note that there may
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(a) (b)

Figure 2.29: A 0.25 µM fluorescein solution measured for one minute by (a) a function generator and DAQ
device (b) AD5934 chips.
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Figure 2.30: Compensation for temperature-dependent SiPM gain variation in the AD5934-based system.

have been errors in the solution preparation process and the actual concentrations may be different.

Sensitivity to small changes in fluorescence was evaluated by diluting a solution by 1% in four steps and

measuring the fluorescence at these five concentration (Figure 2.32). The average CNR is these four steps

was 4.3.
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Figure 2.31: Six concentrations of fluorescein measured by the AD5934-based implementation.

Table 2.4: Concentration Measurements and Errors

Concentration (µM) 0.00625 0.0125 0.025 0.05 0.1 0.4
Measured Concentration (µM) 0.0098 0.0138 0.0240 0.0485 0.0967 0.4009

Error (%) 57.2520 10.2977 -4.0151 -2.9253 -3.2992 0.2259
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Figure 2.32: AD5934-based system’s output when diluting a fluorescein solution in steps of 1% with a
starting concentration of 0.26 µM . The mean, standard deviation, maximum, and minimum are shown by
the boxplots [65].
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2.4.2.3 Discussion

Fluorescence measurements were made using external devices for generating the excitation signals and ac-

quiring the sensor data, and using the on-board AD5934 chips. The former resulted in a better SNR when

measuring the fluorescence of a fluorescein solution. There are several factors affecting the SNR and sensi-

tivity of the two implementations.

Firstly, the DAQ device has a 16-bit ADC with a 10 V range making the resolution 152 µV. In comparison,

AD5934 has a 12-bit ADC.With a reference voltage of 5 V , the resolution is 1.22 mV. A lower ADC resolution,

results in lower sensitivity. Additionally, the function generator output is more accurate and stable than

the AD5934’s excitation signal. Also, the AD5934’s power consumption affects the supply voltage, causing

slight changes in the electronics’ biasing. These factors affect the device’s accuracy and SNR.

Despite these limitations, the AD5934-based implementation can measure a wide range of concentrations

and is sensitive to small changes in fluorescence which are similar to the changes of interest in in−vivo fiber

photometry experiments. The gain monitoring correction scheme is also effective in this implementation as

demonstrated by a stability test in presence of a thermal perturbation.

2.5 Experiments

Two sets of in-vivo experiments were done in mice. In the first experiment, GGaMP was present in the

mice’s brain and stress-related neural activity was recorded. In the second set, a mouse was injected with

a fluorescent dye, and the recorded signals provided information about blood flow in the brain. All animal

procedures were approved by the University of Calgary’s Animal Care and Use Committee.

2.5.1 GCaMP

Footshock experiments were conducted on three transgenic mice expressing GCaMP6f in neurons or astro-

cytes in the paraventricular nucleus of the hypothalamus, a brain region involved in stress processing. The

experiments involved subjecting mice to footshocks, where they experienced 10 footshocks, each lasting 2

seconds and occurring every 30 seconds. These experiments were done over two sessions.

On day 1, the 470 nm and 410 nm LEDs in the AD5934-based device were driven to mean optical

powers of 3.9 µW and 2.3 µW respectively. Recordings from mouse 1 and mouse 2 were collected during the

footshock experiments, using the AD5934-based device. The correction model for each animal was calculated

based on a section of the recording with no seeming neural activity. The resulting signals are depicted in

Figures 2.33 and 2.34. The first peak in the corrected signal is due to picking up and transferring the animal
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into the cage, while responses to footshocks are marked by the vertical grey traces.
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Figure 2.33: Mouse 1’s footshock response recording by the custom setup on day 1 (3.9 µW 470 nm excita-
tion).
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Figure 2.34: Mouse 2’s footshock response recording by the custom setup on day 1 (3.9 µW 470 nm excita-
tion).

On day 2, the same experiments were repeated on all three mice, once using the AD5934-based device

and once using a commercial system (Doric Lenses, Canada). The excitation for the custom setup was set to

a lower power level of 2.3 µW and 1.7 µW . The commercial system’s power was set to 30 µW and 7.1 µW

which is a typical level for these experiments. The signals were corrected as described earlier. The results
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are shown in Figures 2.35 to 2.40.
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Figure 2.35: Mouse 1’s footshock response recording by the custom setup on day 2 (2.3 µW 470 nm excita-
tion). A motion artifact, eliminated by isosbestic correction is marked with an arrow.

0 50 100 150 200 250 300

Time (s)

F
/F

Fluorescence at 470 nm excitation
Fluorescence at 410 nm excitation (control)
Corrected fluorescence at 470 nm excitation

20%

Figure 2.36: Mouse 1’s footshock response recording by the commercial setup on day 2 (30 µW 470 nm
excitation)
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Figure 2.37: Mouse 2’s footshock response recording by the custom setup on day 2 (2.3 µW 470 nm excita-
tion).
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Figure 2.38: Mouse 2’s footshock response recording by the commercial setup on day 2 (30 µW 470 nm
excitation)
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Figure 2.39: Mouse 3’s footshock response recording by the custom setup on day 2 (2.3 µW 470 nm excita-
tion).
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Figure 2.40: Mouse 3’s footshock response recording by the commercial setup on day 2 (30 µW 470 nm
excitation).

In these experiments, due to an oversight, the second channel’s frequency was set to 280 Hz instead

of 290 Hz. The Fourier transform spectral resolution in AD5934’s calculations is ∼15 Hz. With the two

channels’ frequencies being only 20 Hz apart, crosstalk between the two channels is observed. That is why

the footshock response appears on the second channel as well. This leads to overcorrection and reduced

peaks in the ∆F/F signal. The next sections describes and experiement after correction the oversight.
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Figure 2.41: Baseline fluorescence recordings by our fiber photometry setup from the mouse with FITC
before adminstering footshocks.

2.5.2 FITC

We initially intended to redo the experiment with the correct channel 2 frequency, but unfortunately, over

time, the mice lost the neural activity dependent fluorescence response. This was confirmed with both our

setup and the Doric system. Therefore, instead, a mouse was injected with a 5% fluorescein isothiocyanate-

dextran (FITC-dextran) solution, allowing us to observe total regional blood volume within the paraventric-

ular nucleus via fiber photometry.

The optical power in our setup was configured to 370 nW and 190 nW for the 470 nm and 410 nm

excitations, while in the Doric system, they were set to 33.5 µW and 8.7 µW . Before applying footshocks, a

5 minute baseline recording was made to calculate a correction model. Afterwards, the mouse was placed in

a footshock cage. Footshocks were administered every 30 seconds. While the mouse was the footshock cage,

we alternated between the two setups, starting with Doric, then ours, and repeated this cycle three times.

This alternating approach aimed to account for changes in the animal’s response during the experiment.

This was done to allow a fair comparison between the signal peak heights measured by the two systems.

Post-experiment analysis revealed clipping in the recorded signal from the Doric system. Therefore, this

data was discarded. Figure 2.41 shows the baseline recording by our setup used to create the correction

model. Figure 2.42 shows the fluorescence elicited by the 470 and the 410 nm excitation recorded by our

setup during footshocks. These recordings suggest that the cross-talk between the two channels has been

eliminated.
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Figure 2.42: The footshock response of a mouse with fluorescein in its blood. Each plot shows a measurement
from the same mouse in the three alternate recordings by our setup.
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Table 2.5: Percentage increase in ∆F/F in response to footshocks in mice expressing GCaMP.

Setup
Mouse

1 2 3

Custom setup (3.9 µW excitation) 11-17 9-21 -
Custom setup (2.3 µW excitation) 21-37 4-7 9-18
Commercial setup (30 µW excitation) 28-76 8-11 34-50

2.5.3 Discussion

In the first set of experiments, the custom photometry setup was used for neural recordings during footshock

experiments at two excitation power levels. To compare, these recordings were also made using a commercial

setup by Doric Lenses. Overall, the commercial setup exhibited better sensitivity to neural activity, since

over three animals, the increase in ∆F/F in response to footshocks was larger than that of the custom setup

(Table 2.5). This is largely due to the crosstalk caused by the small difference between the two excitation

frequencies.

Despite this limitation, our fiber photometry system was capable of detecting stress-related neural activity

signals caused by footshocks. The corrected neural activity signal was similar to the one recorded by a

commercial setup. The system also successfully mitigated motion artifacts. This is best evident in mouse

1’s response shown in Figure 2.33.

The custom setup uses significantly lower excitation powers while still detecting the changes in ∆F/F ,

comparing to the Doric setup. Also, a larger downwards drift in ∆F/F can be observed in the Doric system’s

recordings. This can be due to photobleaching caused by its high optical power.

The cross-talk issue was addressed in the experiments with the FITC-injected mouse. In these recordings,

peaks in the second channel were eliminated. These recordings show promise that with the modifications,

cross-talk between the channels is reduced and a larger ∆F/F , similar to Doric system’s measurements, may

be obtained in neural recordings in mice expressing GCaMP.
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2.6 Summary and Conclusion

This chapter presented the design, characterization, and validation an SiPM-based low-light fiber photometry

system. First, background information on fiber photometry was provided. The system design was described

in detail. Finally, characterization tests and in vivo experiment results were presented.

The system design consists of three main parts: electronics, optics, and signal processing. The optics

setup is similar to a standard fiber photometry system, with the distinction that an SiPM is used as the

photodetector. Using an SiPM allows us to use low optical excitation powers, without requiring high-voltage

power supplies.

The electronics were implemented on a PCB, with two AD5934 impedance converters at its core. These

integrated circuits simplify the system by generating excitation signals that are conditioned by op-amp

circuits to drive two LEDs that excite a fluorescent sample. The impedance converters also measure the

conditioned SiPM signal and extract its amplitude by calculating the DFT.

The AD5934s’ readings are further processed in MATLAB. Processing includes correcting for SiPM

gain variations, and extracting the ∆F/F signal. An SiPM’s gain can be affected by variations in its bias

voltage and temperature. Two methods for correcting for SiPM gain variations when detecting sinusoidally

modulated light were explored. In the first one, its bias voltage was monitored and the system’s readings

were corrected to a certain bias level. In the second method, a second modulated light source was used to

monitor the SiPM gain. The SiPM signal at the main channel’s frequency was corrected using the signal

component at the second channel’s frequency.

Two sets of characterisation tests were carried out. First, with a simplified optical setup and electronics,

the two SiPM gain correction methods were studied and compared. These tests showed that the gain

monitoring method is as effective as the bias monitoring method. Additionally, the gain monitoring method

can mitigate motion artifacts and can rely on isosbestic control in fiber photometry. Therefore, the gain

monitoring method was incorporated into the finalized fiber photometry setup. Before in vivo experiments,

the finalized setup was used to measure the fluorescence of multiple fluorescent solutions, to evaluate its

resolution, dynamic range, and robustness to artifacts.

Finally, two sets of in vivo experiments were done. In the first set, neural signals in mice expressing

GCaMP were recorded and compared to recordings from a commercial fiber photometry system. An oversight

in the experiment led to lower ∆F/F signals in our setup due to cross-talk between channels. Despite this,

our system successfully detected peaks in fluorescence in response to footshocks. The cross-talk was reduced

in the second experiment where blood volume in a mouse’s brain was measured via fiber photometry.
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The main aim of this project was to develop a SiPM-based fiber photometry system for measurement of

neural activity in mice. This objective was achieved in this research. The implemented system can operate

on a 6 V power supply, can detect neural activity using optical excitation powers below 10 µW, and can

correct for SiPM gain variations and motion artifacts. The system was able to detect 1% changes in the

fluorescence of an FITC solution with a fluorescence similar to those observed in transgenic mice. Therefore,

the system meets all the objectives of the project.

2.6.1 Future Work

Repeat Experiments on Transgenic Mice with Reduced Cross-talk: As mentioned earlier, because

we did not have access to mice expressing GCaMP, we were not able to repeat the experiments using the

intended excitation frequencies. These experiments must be repeated in order to confirm that the cross-talk

between channels is reduced, and higher ∆F/F signals, similar to the commercial setup’s recordings, can be

obtained.

Optimize the SiPM Performance via Improved Biasing: In this work, the cathode voltage of the

SiPM was kept constant and only the anode voltage was adjusted. The anode voltage was selected in order

to provide sufficient voltage swing at the SiPM read-out TIA’s output. Instead, the SiPM bias voltage can be

set to maximise the gain to dark-count ratio. A configurable cathode voltage can allow for this optimization.

Use Lower Optical Excitation Powers: In the present research, conservative gain and power settings

were used to provide a proof of concept for a SiPM and AD5934-based fiber photometry system. With

modified SiPM biasing, it may be possible to detect neural activity using lower optical powers.

Increase Sampling Rate: In the present system, the AD5934 samples at least 17 periods of each signal

which is more than what is required. If the clock frequency is increased by two times, the number of periods

sampled will still be high enough to achieve accurate DFT calculations. This will come at the cost of higher

power consumption. The AD5933 ADC is four times faster than the AD5934. Therefore, switching to the

AD5933 can further increase the sampling rate.

Miniaturization: A more compact form factor could be beneficial for some applications. Firstly, it

would improve portability and ease of use. Wearable miniaturized systems can open up possibilities for

experiments in non-traditional settings where the animal is not confined to a small space. Based on the

application, these advantages may justify implementing a compact and simplified system with an SiPM and

the electronics integrated into a single chip.

Adapt for Multichannel Recording and Red Fluorescent Probes: Similar to GCaMP, RCaMP

is a GECI used for monitoring intracellular calcium levels. However, its red fluorescent emission can be
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advantageous in certain situations, such as when researchers want to simultaneously monitor different neural

populations.

User-Friendly Interface: The current system offers a high degree of configurability, but its complexity

might present challenges for researchers who prefer a more streamlined and user-friendly solution tailored to

their specific needs. A user-friendly interface can be developed for the system that would allow researchers

to configure the system via software, and process and visualize the data.
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Chapter 3

Electrochemical Impedance

Spectroscopy

3.1 Introduction

Electrochemical Impedance Spectroscopy (EIS) is a technique used in electrochemistry to study the electrical

properties of electrochemical systems. It provides information about the interface between an electrode and

an electrolyte by measuring impedance of a system in a range of frequencies. EIS has a variety of applica-

tions including studying batteries, fuel cells, and corrosion processes, monitoring biological interactions, and

detecting biomarkers. EIS can be used in immunosensing to detect targeted antigens. In this work, we focus

on EIS for immunosensing of cortisol antigens.

3.1.1 Motivation

Cortisol, a hormone synthesized by the adrenal cortex, is a significant biomarker, particularly for stress.

Cortisol levels in different bodily fluids such as sweat, saliva, tears, urine and blood are increased by both

acute and chronic stress. Chronic stress, as indicated by cortisol levels, impacts multiple physiological sys-

tems. Irregular cortisol patterns due to chronic stress are implicated in a range of health problems, including

cardiovascular diseases, anxiety, depression, obesity, and disruptions in immune system function [66].

Beyond stress, cortisol is also connected to circadian rhythms that govern processes such as carbohydrate

metabolism, glucose regulation, blood pressure, and immune function. Dysregulated cortisol secretion can

give rise to disorders like Cushing’s disease, characterized by excessive cortisol levels, or Addison’s disease,

characterized by insufficient cortisol production [66].
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By monitoring cortisol levels, we can gain valuable insights into the repercussions of chronic stress on the

body and its role in the development and management of conditions related to stress. Neurodegenerative

diseases are an example of these conditions.

The relationship between cortisol levels and neurodegenerative diseases, specifically Parkinson’s disease

(PD) and Alzheimer’s disease (AD), is a topic of ongoing research and interest. These diseases, charac-

terized by a progressive loss of cognitive function and movement problems, have complex interactions with

cortisol levels. Higher cortisol levels have been associated with AD, leading to brain atrophy and cognitive

decline [67]. Similarly, PD patients exhibit higher cortisol levels than healthy individuals, suggesting a po-

tential connection with the progression of motor symptoms and behavioral disorders [68]. However, these

studies have limitations such as small sample sizes, limited longitudinal studies, and lack of standardized

measurement instruments [67]. To achieve a more comprehensive understanding of the connection between

cortisol levels and neurodegenerative diseases, a substantial volume of data collected over an extended period,

involving a large participant pool, is essential.

The development of wearable cortisol monitoring devices is important for conducting comprehensive,

long-term studies in this context. These devices should offer a non-invasive, continuous means of tracking

cortisol levels in individuals over extended periods. These wearable devices will be essential in revealing

potential relationships between cortisol, stress, and the progression of neurodegenerative diseases.

Various electrochemical sensors have been developed for cortisol detection. These sensors are read-out

by electrochemical techniques such as cyclic voltammetry, differential pulse voltammetry, and impedance

spectroscopy, among others. The focus of this chapter is an EIS read-out system for a cortisol immunosensor.

3.1.2 Aims

The primary aim of this research is to design an EIS system as a read-out for custom screen-printed electrodes

(SPE) designed in the BioMEMS and Bioinspired Microfluidic Laboratory at the University of Calgary. The

device should perform potentiostatic measurements, using the frequency sweep EIS technique, in a three-

electrode configuration. The desired characteristics of the device are:

• Optimized for the measurement of cortisol samples. Based on previous experiments, the EIS excitation

signal specifications were preselected as follows: frequency range of 1 Hz to 5 kHz, voltage amplitude

of 15 mV, and offset of 170 mV.

• Compact, with potential to be modified as a wearable device for humans.

• Battery-powered, with the battery lasting for semi-continuous measurements throughout one day; that

is, five measurements an hour during 24 hours.
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• Capability of wireless data transfer

• Fast, with each measurement taking less than two minutes.

This device will be developed, and then characterized and validated. Characterization involves studying

the device’s dynamic range, accuracy and precision by measurements in RC cells. EIS capability will be

validated on electrochemical samples containing different concentrations of cortisol. The device’s ability to

measure these samples will be compared to a commercial potentiostat.

3.1.3 Organization

In Section 3.2, background information for EIS is provided. First, the fundamental concepts of EIS are

introduced, then notable previous research using EIS for cortisol detection are mentioned. In Section 3.3,

the design specifics of our EIS device are described. Section 3.4 includes characterization of the described EIS

system, and finally, Section 3.5 includes experimental results. The experiments include EIS measurements in

SPE electrodes both with and without cortisol antibodies and antigens, using our device and a commercial

system.

3.2 Background

3.2.1 Electrochemical Impedance Spectroscopy Fundamentals

Impedance spectroscopy (EIS) is a valuable tool in electrochemistry that offers insight into the characteristics

of electrochemical cells and electrodes. In this technique, impedance at different frequencies is measured to

analyze cell and electrode behavior. In these measurements, either the current through a cell is controlled

while its voltage is measured (galvanostatic), or vice versa (potentiostatic). Benchtop galvanostats and

potentiostats are the gold standard devices used in EIS [69]. The focus of this work is on the latter.

3.2.1.1 Current Flow in an Electrochemical Cell

An electrochemical cell consists of two or more electrodes submerged in an electrolyte solution. In an

electrolyte, current flows via the movement of charged ions. At the electrolyte and electrode interface, a

double layer, acting like a capacitor, forms. This double layer consists of charged ions attracted to the

electrode surface and an opposing layer of counter-ions. When applying a voltage to an electrochemical

cell, a portion of the current through the cell is associated with charging the double layer capacitance. In

addition, there is a Faradaic current which involves the transfer of electrons between the electrode and the
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Figure 3.1: Electrode configurations for EIS. (a) 2-electrode system. (b) 3-electrode system. (c) 4-electrode
system.

species in the electrolyte. The Faradaic current is typically the result of a redox reaction occurring at the

electrode-electrolyte interface. The current flowing through the electrolyte, and therefore the impedance, is

affected these electrochemical processes in the cell [69].

In biosensors, typically, a recognition element interacts with an analyte and consequently, the behavior

of the sensor is affected. If the impedance is affected, by performing EIS, the analyte can be detected. These

recognition elements include, but are not limited to, enzymes, antibodies, nucleic acids, and aptamers [70].

3.2.1.2 Electrode Configuration

EIS can use several electrode configurations, shown in Figure 3.1. The simplest electrode configuration

used in EIS is the 2-electrode setup. In this electrochemical system, there are two electrodes: the working

electrode (WE) and the counter electrode (CE). A certain voltage is applied across the two electrodes, and

the current between them is measured. Because of the electrochemical reactions occurring at both electrode

surfaces and the current flowing between them, it is challenging to precisely control the voltage in this setup.

In some cases, the impedance of the electrical connections to the electrodes cannot be ignored.

A more common setup is the 3-electrode system. In this configuration, an additional reference electrode

(RE) is used, and the voltage is applied across WE and RE instead. RE is a stable electrode with no current

flowing through it. All of WE’s current passes through CE instead, and this current is measured. The CE

voltage can vary with different values of current, but this will not affect the WE voltage with reference to

RE [71].

In a 4-electrode system, in addition to WE, RE, and CE, another electrode called a working sense

electrode (WS or SE) is used. In this setup, the voltage between the SE and RE can be controlled, while the

resulting current through CE or WE is measured. This setup is not as common as the previous one but has

specialized applications. In the 4-electrode mode, measurement focuses on processes involving the solution

and barriers, such as a membrane, between the sense and reference electrodes. However, it does not provide

information about electrode surface reactions [72].
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3.2.1.3 Potentiostatic Measurement Techniques

A potentiostat is a device that is capable of applying a voltage across two of its terminals, and measuring

the current flowing through another terminal. Potentiostats are used in various electrochemical techniques

including impedance spectroscopy. A typical commercial potentiostat has four terminals that can be used

in an appropriate configuration for each of the aforementioned systems. For instance, in a 3-electrode

system, the potentiostat’s SE and WE terminal are both connected connected to the working electrode in

the electrochemical cell [71].

To measure impedance at different frequencies, different types of excitation signals have been used.

The most common one in EIS is a series of sinusoidal voltages at different frequencies. In a typical EIS

experiment, a potentiostat applies a small AC voltage on top of the sample’s open-circuit potential (OCP)

to the electrodes. OCP is the potential difference existing between the electrodes when no current flows

through the solution. The resulting current within the cell is then measured by the potentiostat. The

amplitude and phase of this signal are calculated to determine the impedance at the specific frequency. This

can be done by calculating the Fourier Transform of the signal [71].

Another method is to use an excitation signal containing a range of multiple frequency components. This

signal can be a step function, white noise, or a well-defined multi-sine. The different frequency components

of the resulting current are extracted by calculating the Fourier transform. Simultaneous measurement of

impedance at different frequencies allows for a faster measurement. However, this results in a lower signal-

to-noise ratio [73].

3.2.1.4 Equivalent Circuits

The electrical behavior of electrochemical cells can be modeled by equivalent electrical circuits. While all

cells are not best modelled by the same circuit, the Randle’s equivalent circuit is the most common one

(Figure 3.2 (a)). In this circuit, the solution resistance, through which all current must pass, is represented

by a series element (RΩ). ic and if represent the double-layer charging current and the Faradaic current,

respectively. The relation of these currents with the applied voltage is modeled by Cd and Zf , where Cd

is the double layer capacitance and Zf is models the Faradaic current’s effect. Faradaic currents cannot be

modelled perfectly with linear circuit elements. However, it is sometimes simplified to a resistor (Rs) and

capacitor (Cs) in series (Figure 3.2 (b)). The impedance is often presented in a Nyquist plot with each point

representing impedance at one frequency (Figure 3.2 (c)). The horizontal and vertical axes show the real

and imaginary part of the impedance. As shown in equation 3.4, if Zf only consists of a resistor (Rs), the

Nyquist plot is a semicircle with a radius of Rs.
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In many cases, a portion of the impedance Nyquist plot appears as a straight-line segment at the end of

the semicircle in the high-frequency region. This segment is called the Warburg tail, and the Warburg element

is defined to represent this behavior (Figure 3.2 (b) and (c)). In equation 3.5, ZW is the Warburg element’s

impedance, and ω and AW are the angular frequency and the Warburg coefficient respectively. In these

cases, the Warburg element and a series resistor called the Charge Transfer Resistance (RCT ) represent

the Faradaic process. In RCT , CT refers to the charge transfer that occurs at the electrode-electrolyte

interface during electrochemical reactions. RCT can provide valuable information about surface reactions,

and possibly the concentration of an analyte [69].

ZW =
AW√
ω

− j
AW√
ω

(3.5)

In immunoassays relying on EIS, antibodies are immobilized on the surface of a sensor. If antigens are

present in the sample, they will bind to the antibodies. A higher concentration of antigens corresponds

the more antigen-antibody pairs on the sensor surface. This process affects the reactions at the electrode-
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electrolyte interface, and in turn increases RCT . Therefore, by determining RCT , the antigen concentration

can be determined [74]. RCT is approximately equal to the diameter of the semicircle appearing in the

impedance Nyquist plot. To extract RCT from EIS measurements, a circle can be fitted to the data points

in the section of the Nyquist plot where the Warburg effect is not present.

3.2.2 Electrochemical Impedance Spectroscopy for Cortisol Detection

Some common cortisol detection methods include electrochemical, fluorescence, colorimetric, and surface

plasmon resonance (SPR) assays [75–80]. Electrochemical measurements, in particular, offer several ad-

vantages, and among them, Electrochemical Impedance Spectroscopy (EIS) stands out as a powerful and

versatile technique for cortisol detection.

EIS can offer high sensitivity, enabling the detection of cortisol molecules at concentrations down to

the picogram per milliliter range [81, 82]. Low limits of detection (LOD), makes EIS well-suited to the

precise quantification of cortisol at small concentrations. Additionally, EIS can provide rapid response times,

facilitating real-time continuous monitoring of cortisol levels which is essential for the dynamic tracking of

cortisol throughout the circadian cycle. Furthermore, due to reduced reagent usage, costs and resource

consumption are minimized. Lastly, the simplicity of electrochemical sensors and their read-out electronics

make them a versatile and accessible choice for miniaturization and point-of-care applications. Along with

small sample volume requirements, this characteristic makes them suitable for wearable applications [75].

A substantial body of research has focused on the application of commercial desktop and benchtop EIS

devices along with novel sensors for cortisol measurement. These studies have explored various electrode

materials, immobilization molecules, sample types and volumes, concentration ranges, and excitation signal

ranges in EIS. Cortisol has been measured in multiple media such as interstitial fluid, synthetic and human

sweat, human serum, saliva, whole blood and tears. Various excitation levels and frequency ranges have

been used for EIS, which are optimized for the particular sample, sensor, and experimental conditions.

These studies have demonstrated the effectiveness of EIS as a robust cortisol detection method [81–86].

In order to gain insight into the implications of cortisol levels on health, continuous monitoring of cortisol

concentrations is essential. Therefore, developing wearable electronics tailored to specific applications is

a subject of interest. Sweat is an excellent choice for wearable long-term continuous cortisol monitoring

applications. It offers a non-invasive and convenient method to collect a biofluid that contains cortisol and

can provide insights into long-term stress patterns. Only a limited number of standalone wearable cortisol

sensing devices have been developed. The most notable ones which have been developed in recent years, are

mentioned below.
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In 2019, Rice et al. introduced a cortisol measurement device in the form of a wristwatch. It was used for

continuous monitoring of cortisol levels. To transfer data, the device is plugged into a computer. The device

uses an interdigitated electrode design as the sensing platform. Using a sample volume of 5 µL, cortisol

concentrations between 8-151 ng/mL were measured [87].

Torrente-Rodriguez et al. designed a wearable wireless sensing device for cortisol, published in 2020.

The compact device can be placed on subjects’ bodies for sweat sampling and in-situ cortisol recognition.

The device is battery powered and can conduct 330 minutes of continuous measurements. It was used for

continuous monitoring with a sample volume of less than 10 µL. The concentration range measured was 0

to 5 ng/mL [88].

Churcher et al. developed a portable sensing device that uses aptamers to detect biomarkers in human

sweat. EIS was performed within the frequency range of 10-100 Hz. Data transfer to a computer was done

via a USB connection. The device was used for continuous monitoring of Neuropeptide Y (NPY) and cortisol

levels in human sweat using a microfluidic sensor with a sample volume of 2 µL. The range of measured

concentrations for both analytes was 1-256 ng/mL [89].

Wang et al. created a wearable aptamer-field-effect transistor sensing system that can monitor cortisol

levels in sweat. The device is in the form of a wireless smartwatch, incorporating a microfluidic module

and a liquid crystal display (LCD), and flexible electronics. The device comes with a smartphone graphical

user interface where the user can change the device operational mode and store and display data. The

device was used for continuous monitoring in human subjects. To collect sweat, the subject’s forearm was

iontophoretically stimulated [90].

Cortisol sensing platforms are being developed by the BioMEMS and Bioinspired Microfluidic Laboratory

at the University of Calgary. This includes a wearable microfluidic patch for sweat collection [91]. Custom

functionalized screen-printed electrodes (SPE) are used in an immunoassay to detect cortisol. A similar sensor

developed by the group has also been described [92]. The purpose of this work is to develop miniaturized

electronics for the cortisol immunosensor read-out.

3.3 Design

3.3.1 Overview

The impedance measurement circuit, pictured in Figure 3.3, was designed and implemented as a 3.42×3.34 cm

PCB. The circuit is battery-powered and wireless. The board features three switches that control its modes

and functions: an on/off switch, a 2/3 electrode mode switch, and a calibration/measurement switch. With
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Figure 3.3: The impedance measurement device. (a) Block diagram. (b) A photograph of the circuit board.
µC is short for microcontroller, and S/DUT Conn. shows the connectors for samples or devices under test.

these switches, the system can be configured to operate in three modes: one for calibration and two for

impedance measurements. The impedance measurement modes include a 2-terminal mode for RC cells and

a 3-terminal measurement mode for EIS. In calibration, six scans are completed to measure the impedance of

on-board resistors as a reference for subsequent measurements. In the two measurement modes, impedance

of an external sample or device under test (S/DUT) is measured in a single scan. For EIS, a flat flexible

connector (FFC) is included for screen printed electrodes to be inserted and connected to the circuit. Socket

headers are also available to insert a DUT or access the terminals for testing.

To initiate a scan, the user first sets the switches according to the desired mode. Upon powering on, the

measurement process begins. In each scan, the impedance of a device, sample, or an on-board calibration

resistor is measured at seven fixed frequencies. After completion, an LED indicator lights up to signal the

availability of data. The user then establishes a BLE connection between a client device (here, a smartphone)

and the circuit (host). The host device then transfers its data to the client device. After data transfer, the

host terminates the BLE connection, at which point the circuit enters sleep mode to conserve power. For

subsequent measurements, the user must power cycle the device.

Data received by the phone is sent to a PC to be further processed in MATLAB. In calibration mode,

the data is saved to be used as a reference for subsequent measurements. When used for EIS, the charge

transfer resistance (Rct) can be extracted from the impedance data received.
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3.3.2 Electronics

The main blocks of the electronic circuit are illustrated in Figure 3.4. The AD5934, controlled by a micro-

controller, generates a sinusoidal voltage that is conditioned by the transmit stage to provide a excitation

voltage. The excitation voltage is then applied to the S/DUT or calibration resistors via an interface circuit,

based on the operation mode. Before the scan begins, this voltage is measured by the microcontroller and

the applied offset voltage is adjusted if needed. The current through the sample or device is then converted

to a voltage and amplified by the receive stage. The output of this stage is monitored and its gain is adjusted

if necessary. This signal is then input to the AD5934 for impedance calculation. The microcontroller then

reads the AD5934’s data and transfers it to the BLE module. Two regulators, powered by two CR2025 coin

cells, provide the power supply for this circuit. A 3-Volt linear regulator powers the BLE module while a

5-Volt linear regulator powers everything else. In this section, each part of this design is described in detail.

3.3.2.1 Microcontroller

A 16-bit PIC24FV16KM202 microcontroller (Microchip, AZ) was programmed to communicate with the

AD5934 through the I2C protocol in order to set the measurement parameters, initiate the measurement,

and read out the resulting data. After reading the AD5934 data, the microcontroller sends it to a RN4871

BLE module (Microchip, AZ) via UART, and then turns the module off. Additionally, the microcontroller

sets the operation mode of the circuit based on the state of the mode switches. This is done by controlling a
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single-pole four-throw (SP4T) and a single-pole double-throw (SPDT) analog switch in the interface circuit.

The microcontroller also manages the gain selection and offset control process, and controls the charging of

capacitors in the receive stage. The interface and gain control are describes in Sections 3.3.2.4 and 3.3.2.5.

3.3.2.2 Transmit Stage

The transmit stage conditions the excitation voltage generated from the AD5934 and applies it to the S/DUT.

The selection of the excitation voltage level and frequencies was made in alignment with the requirements

and standards outlined by our collaborators in the BioMEMS and Bioinspired Microfluidic Laboratory for

the intended EIS measurements. The selected excitation signal is a 30 mVpp sinusoidal voltage with an offset

of 170 mV at seven frequencies between 1 Hz and 5 kHz. This voltage should be applied across the WE and

RE.

Following these requirements, the AD5934 generated sinusoidal voltages at seven frequencies in proximity

of seven logarithmically-spaced frequencies between 1 Hz and 5 kHz. These frequencies were selected so that

the 1024-point data over which DFT is calculated comprises integer multiples of the excitation period. Details

for the selected excitation frequencies are included in Table 3.1.

Table 3.1: Timing details for impedance measurement.

AD5934 Clock
Frequency (Hz)

ADC
Sampling
Rate (sps)

Buffer Fill
Time (ms)

Excitation
Frequency

(Hz)

Number of
Periods
Sampled

8000000 119218 8.589 4880 41.91
8000000 119218 8.589 1160 9.96
2000000 29804.48 34.36 291 10.00
500000 7451.12 137.4 65.50 9.02
125000 1862.78 549.7 16.40 9.02
31250 465.70 2198.9 4.090 8.99
7812.5 116.42 8795.5 0.909 8.00

The transmit stage consists of a band-pass filter. For measurement at each frequency, the AD5934

generates a sinusoidal voltage with an offset of 298 mV and amplitude of 330 mVpp. One MCP6422 op-amp

(Microchip, AZ) in a dual package is configured as multiple feedback band-pass filter, with a bandwidth of

120 mHz-40 kHz, and passband gain of 0.1 (Figure 3.5). The AD5934s output is input to this band-pass

filter. The filter’s output is a sinusoidal voltage with an amplitude of approximately 30 mVpp and an offset

2.0 V. The choice of the offset voltage is explained in Section 3.3.2.4. This voltage is applied to one terminal

of the sample/device-under-test (S/DUT) by an interface described in Section 3.3.2.4.
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Figure 3.5: Band-pass filter (BPF) in the transmit stage. (a) Schematics (b) LTSpice simulation of the
filter’s frequency response.

3.3.2.3 Receive Stage

To measure the current flowing through the S/DUT, the second op-amp in the MCP6422 dual package is

configured as a TIA (Figure 3.6). The non-inverting input, and consequently the inverting input of the

op-amp, are set to 2.17 V by the microcontroller’s digital-to-analog converter (DAC). During the EIS scan,

this 2.17 V voltage is applied to the WE. With the 2-V offset in the applied excitation, this sets the voltage
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across WE and RE to a 30 mVp−p sinusoidal voltage with an offset of 170 mV. A single-pole four-throw

(SP4T) analog switch can select the feedback impedance of the TIA. Four impedances (Z1 , Z2, Z3, Z4) are

available for the TIA feedback. Z1 is plugged into a socket on the circuit board and can be adjusted based on

the S/DUT of interest. Z2, Z3, and Z4 consist of 1 kΩ, 10 kΩ, and 100 kΩ in parallel with 10 nF, 1 nF, and

100 pF capacitors, respectively to set a low-pass cutoff of 15 kHz. The output voltage of the TIA is amplified

by the AD5934’s internal op-amp, and then sampled by the AD5934’s ADC. With the external feedback

network, this internal voltage amplifier (VA) has a gain of 3.70 and a bandwidth of 86.7 mHz to 10.6 kHz.

After measurement at each frequency is complete, the AD5934 enters standby mode before starting the next

measurement. During this period, the internal op-amp is disabled and the inverting input’s voltage (marked

as VDD/2 in Figure 3.6) drops to zero. Therefore, the steady-state DC voltage over the 68 µF capacitor

changes by VDD/2. When a new measurement starts, the capacitor must be charged to reach its steady-state

first. One of the capacitors terminals is connected to the TIA output and is low-impedance. However, the

resistance at the second terminal is 27 kΩ resulting in a time constant of 1.84 seconds. This significantly

slows than the measurement process. In order to reduce the time constant, two 470 Ω resistors are connected

to this capacitor terminal and a I/O pin of the microcontroller. During the settling period, the two pins are

configured as outputs with one being low and one being high. This provides a path for the capacitor to be

charged or discharged at a faster rate, changing the time constant to 16 ms. After settling, these two pins

are configured as high-impedance inputs so they do not affect the TIA output.

3.3.2.4 Sensor Interface

The interface (Figure 3.7) consists of an op-amp, an SPDT analog switch, and an SP4T analog switch and

can be configured in three modes: two-terminal impedance measurement, 3-electrode EIS, or calibration.

The 30 mVp−p signal at the multiple-feedback filter output in the transmit stage is applied to the interface

op-amp’s non-inverting input.

In calibration and two-terminal impedance measurement modes, the interface op-amp is configured as a

buffer. In the calibration mode, a calibration resistor is between the buffer output and the TIA input. In

the two-terminal measurement mode, the buffer output and the TIA input are connected to the CE and

RE connectors respectively. With the TIA input biased at 2.17 V and the buffer output being a 30 mVp−p

sinusoidal voltage with an offset of 2.0 V, the voltage applied to the S/DUT or calibration resistor is a

30 mVp−p sine wave with an offset of 170 mV. The TIA measures the resulting current through the S/DUT

or calibration resistor.

In the three-electrode EIS mode, the op-amp’s inverting input is connected to the RE and the output

is connected to the CE. The SUT creates negative feedback for the op-amp, setting the reference voltage
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Figure 3.6: Receive stage consisting of a TIA and a internal voltage amplifier (VA). (a) Schematics (b)
LTSpice simulation of the VA’s frequency response when RB13 and RB14 are high-impedance.

to 30 mVp−p and a DC level of 2.0 V. The WE is connected to the TIA’s inverting input which is biased

at 2.17 V. Therefore, the WE voltage with reference to the RE is a 30 mVp−p sine wave with an offset of

170 mV. The resulting current flowing through the working electrode is measured by the TIA.
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3.3.2.5 Error Detection and Adaptive Gain

If the amplitude of the voltage input to the AD5934’s ADC is below a certain threshold, the impedance

cannot be accurately measured. Moreover, if the gain is too large, the signal may be clipped. This results

in invalid data. These thresholds are discussed in Section 3.3.2.8. In these cases, the TIA gain should be

adjusted in order to bring the TIA output voltage to the desired range. Therefore, the voltage must be

monitored and its amplitude should be determined.

The TIA output voltage is low-pass filtered and input to the microcontroller’s ADC. After the AD5934
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Figure 3.8: One period of a 1160 Hz sine wave sampled at 60 kSPS. While the sine wave’s phase was swept
from 0 to 2π in 1000 steps, only two examples with a phase of 0 and π

4 are shown here.

Exc. Frequency (Hz) 4880 1160 291 65.5 16.4 4.1 0.91
No. of samples 12.3 51.8 206 917 3663 14689 66094

Table 3.2: Number of samples that the microcontroller ADC can capture in one period of the excitation
frequency.

buffer is full, the excitation continues for a period of time leading to a valid TIA output. During this time,

the ADC continuously samples this voltage for a minimum duration of one period of the excitation signal.

The sampling rate is approximately 60 kSPS. This means that the number of samples per period of the

excitation frequency is between 12 and 66000 (Table 3.2). To determine the amplitude of the signal, the

lowest voltage measured by the ADC is subtracted from the highest one. To get a good estimate of the

amplitude, we must ensure that the signal’s peaks are being captured by the ADC.

For 1160 Hz and below, during one period of the excitation signal at least 51 samples are taken. To

ensure that this number is enough to capture the amplitude, MATLAB simulations were done. Figure 3.8

shows one period of a sine wave sampled at 51 points. with 1000 different phase values between 0 and 2π,

the amplitude of this wave was calculated by detecting the peaks. A maximum error of 0.23% was observed.

Therefore, 51 samples is sufficient for measuring the amplitude. A higher number of samples increases the

accuracy.

For 4880 Hz however, only 12 points per period are sampled (Figure 3.9). According to simulations,

this can cause an error of 9.0%. Therefore, 200 samples (approximately 16 periods) were taken instead

(Figure 3.10). Similar to before, MATLAB simulations were done with this number of samples and a

maximum error of 0.007% was observed in the amplitude. Therefore, 200 samples are sufficient.

By default, the first feedback branch (plug-in impedance, Z1) is used. If at any point the measured
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Figure 3.9: One period of a 4880 Hz sine wave sampled at 60 kSPS.
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Figure 3.10: Approximately 16 periods of a 4880 Hz sine wave sampled at 60 kSPS.

voltage is above a certain threshold, indicating saturation, a high gain error is detected. If the peak-to-peak

voltage measured by the ADC is below or above the desired range, a low gain or a high gain error is detected,

respectively. In case of a gain error, the measurement at the current frequency is restarted using a different

feedback branch. The feedback branch is chosen based on the previous feedback branch and the error type.

In the case of a high gain error, the gain is decreased and vice versa. Figure 3.11 illustrates how the feedback

branch is selected. In case valid data cannot be obtained and the impedance is outside the device’s range,

this information is stored the microcontroller’s EEPROM. 7 bits in the memory are used, each corresponding

to a frequency. At the start of each scan, zero is written to the register. If measurement at a frequency ends

in a gain error, the corresponding bit is set. Additionally, the branch number used for each measurement is

stored in the memory.
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3.3.2.6 Wireless Communication

Wireless communication between the circuit and the user’s personal device relies on the RN4871 BLE module.

When measurement for all seven frequencies is completed, the module powers on and starts advertising,

awaiting a paired device to establish a connection. A status pin from the BLE module is monitored by the

PIC microcontroller to detect a successful connection. Since the digital high levels for the BLE module and

the microcontroller are 3 V and 5 V, respectively, a MOSFET is used as a level-translator for this pin. Once

linked, the microcontroller employs a UART to transmit impedance data to the BLE module. The TX signal

from the microcontroller is stepped down by a resistor divider (Figure 3.12). This module functions as a

transparent UART pipe, forwarding data to the connected device. The data consists of 32 bytes: 28 bytes

for seven measurements at different frequencies, 3 bytes indicating the TIA gain and error information, and 1

byte indicating the transfer completion to the user. Upon data transfer completion, the PIC microcontroller

83



18kΩ

27kΩ

UART TX UART RX

4.7kΩ

+5V

Status pin

RA6

m
ic

ro
co

n
tr

ol
le

r

B
LE

 M
od

u
le

Impedance data

Connection
status
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promptly powers down the BLE module and enters sleep mode to reserve power.

3.3.2.7 Power Management

The board is powered by two 3-Volt 2025 Lithium coin cells in series. When the power switch is on, two

regulators are powered up by the batteries. A 5-Volt linear regulator supplies power to all components

except the BLE module, which employs a separate 3-Volt linear regulator with an enable pin. The PIC

microcontroller enables the 3-volt regulator only when transmitting data over BLE.

3.3.2.8 Dynamic Range

There are three factors limiting the dynamic range: clipping at the TIA output, clipping at the AD5934

internal amplifier, and the ADC resolution.

The TIA op-amp’s (LMV551) positive output swing is limited [93]. This makes the maximum possible

voltage at the TIA output 4.845 V (Vmax). In equation 3.6, VTIA,O and VDAC are the TIA output voltage

and the TIA’s DC bias voltage as shown in Figure 3.7. max(VTIA,o) is the maximum permissible TIA output

voltage that can be detected by the microcontroller. Vbias and vexc refers to the DC voltage and the excitation

peak-to-peak voltage amplitude applied to the S/DUT through the transmit stage amplifier. ADC and AAC

are the DC and AC voltage gain from the CE connection node to the TIA output (Figure 3.7).

Vmax > max(VTIA,O) = ADC · Vbias + VDAC +AAC · vexc
2

(3.6)

The internal amplifier has a nominal gain of 3.70, and a nominal bias point of 2.5 V. However, an output

bias point as high as 2.8 V was measured. A maximum peak-to-peak amplitude of 1.1 V was selected for
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the TIA output, setting the valid peak-to-peak output swing of the internal amplifier to approximately 4 V

and allowing for a ±500 mV error on the bias point.

AAC · vexc < 1.1 (3.7)

From Section 1.2.4.2, according to MATLAB simulations, a peak-to-peak amplitude of 7.2 mV should be

sufficient to obtain admittance magnitude errors of less than 5%. However, in experiments, for peak-to-peak

amplitudes below 45 mV, the impedance converter generated invalid data. That is, the measured admittance

was close to zero, and the calculated impedance was infinite or significantly larger than the actual impedance.

This is in agreement with the findings of Chabowski et al. who reported that with a supply voltage of 3.3 V,

a minimum voltage amplitude of 30 mVpp was required [16]. Therefore, a higher limit was selected based

on experimental results. Based on noise measurements in Section 3.4.1, the threshold was adjusted, and the

minimum amplitude was set to 60 mVpp. Therefore, the minimum valid amplitude at the TIA output was

set to 60/3.7 =16.2 mVpp.

AAC · vexc > 0.0162 (3.8)

While the circuit was designed for a Vbias of 170 mV, the actual Vbias was measured to be 176 mV.

Substituting Vbias = 176 mV, vexc = 30 mV, VDAC = 2.17 V, and the thresholds in equations 3.6, 3.7

and 3.8:

4.845− 2.17 = 2.675 > ADC · 0.176 +AAC · 0.015 (3.9)

AAC > 0.540 (3.10)

AAC < 36.7 (3.11)

The impedance under test can be represented as Z = R + jX. If the TIA feedback consists of resistor

(Rf ) in parallel capacitor (Cf ), with a pole larger than the excitation frequency, the AC and DC gain are:

AAC =
Rf

|Z|
(3.12)

ADC =
Rf

R
(3.13)

The three on-board feedback options (Z2, Z3, Z4) meet this criteria. Therefore, for these feedback
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impedances, the range of impedances that can be measured is defined by:

Rf

36.7
< |Z| < Rf

0.540
(3.14)

2.675 >
Rf

|Z|
·0.015 + Rf

R
· 0.176 (3.15)

Since |Z| =
√
R2 +X2,

Rf

R
· 0.015 + Rf

R
· 0.176 >

Rf

|Z|
· 0.015 + Rf

R
· 0.176 (3.16)

Therefore, for equation 3.15 to be satisfied, it is sufficient that:

2.675 >
Rf

R
· 0.015 + Rf

R
· 0.176 (3.17)

Or equivalently,

R > 0.071Rf (3.18)

This condition ensures that the left-hand equality in equation 3.14 is satisfied. Therefore, the dynamic

range can be represented as:

R > 0.071Rf and |Z| < Rf

0.540
= 1.85 ·Rf (3.19)

Note that for a purely resistive load, equations 3.15 and 3.17 are equivalent. For a highly capacitive load

however, the first term in the right-hand side of inequality 3.15 is significantly smaller than the second term

and can be ignored. This marginally changes the boundary for R (from 0.071 ·Rf to 0.067 ·Rf ). This means

that the range in equation 3.19, which was found based on the boundary calculated from equation 3.17 is

fairly accurate, and only leaves out an insignificant range of measurable impedances. The range defined by

equation 3.19 is shown in Figure 3.13.

With three on-board feedback branches, the dynamic range of the system consists of sections of three

circles with radii of 1.85 kΩ, 18.5 kΩ, and 185 kΩ on the Nyquist plot. The plugged-in TIA feedback can

extend this range.

In this work, the plugged-in impedance was selected to cover all the cortisol samples of interest. The

range of interest could not be covered by a TIA feedback with a fixed impedance magnitude in the 0.8 Hz

to 4.88 kHz range. The range of impedance is different at each frequency, which would require a different

Rf . Therefore, an impedance with varying magnitude in this frequency range was selected. Based on the
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Figure 3.13: Nyquist plot showing the dynamic range of the EIS device, when using Rf as the feedback of
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range of sample impedances at each frequency, an R(RC) cell (similar to Figure 3.20) consisting of a 47 kΩ

resistor in parallel with a 4.7 nF capacitor, in series with a 10 kΩ was used. This impedance has a pole at

721 Hz. Therefore, the AC gain cannot be expressed with no frequency dependence as it was in equation 3.12.

Instead, the radius associated with the dynamic range changes with frequency to match the requirements of

the samples.

3.3.3 Data Processing

Each measurement cycle generates 7 pairs of numbers corresponding to the real and imaginary admittance

values across 7 frequencies (Gi and Bi, i = {0, 1, ..., 6}). Additionally, three 7-bit blocks of data consisting

of a gain error indicator (E) and two feedback branch designations (FLO and FHI) for the TIA are included.

Each bit of these arrays corresponds to its respective frequency.

During calibration, admittances are recorded across the 7 frequencies for different combinations for cal-

ibration resistors and feedback branches. For the three fixed TIA feedback branches, a calibration resistor

is preselected. For the plug-in feedback however, since the gain is variable and unknown to the circuit, an

appropriate calibration resistor must be selected. Therefore, three scans using each of the three calibration

resistors are performed. With three scans for the fixed feedback branches and three for the plug-in one, in

87



total, six scans are completed during calibration, providing 42 real and imaginary pairs of numbers (Gcj,i

and Bcj,i, j = {0, 1, ..., 6}, i = {0, 1, ..., 5}). Each of the six combinations also include three blocks of data

for feedback branch designations and gain error indication.

When processing data from measurements in measurement mode, for each frequency, the system iden-

tifies the relevant feedback branch using the respective FHI (MSB) and FLO (LSB) bits. The calibration

data corresponding to the identified branch is then selected. For fixed feedback branches, the calibration

resistor value is predetermined. For the adjustable branch, at each frequency, three calibration data pairs

corresponding to each calibration resistor are available, some of which may be invalid. Validity can be con-

firmed using the gain error indicator (E) bits. Based on the gain error indicator, a valid pair is selected.

Through this process, a 2×7 array of calibration data is constructed (Gci and Bci, 0 < i < 7).

If measurement at a particular frequency results in a gain error, the corresponding data is discarded.

Magnitude and phase of the valid calibration and measurement data are calculated. Calibration magnitudes

and phases are used to find the gain factor and phase offset. These parameters are used to calculate

impedance based on the measurement data.

In EIS for measuring cortisol concentration, Reaction Charge Transfer Resistance (Rct), must be extracted

from the impedance’s Nyquist plot. To determine Rct, first the Warburg tail must be detected and excluded.

This is done by detecting changes in the slope in the Nyquist plot. The data point at which the plot’s slope

changes from negative to positive, is detected as the beginning of the Warburg tail. This data point and the

ones following it (lower frequencies), are excluded from the data. The remaining data is then fitted with a

circle. This circle’s diameter is the Rct.

3.4 Characterization

The device was assessed in terms of signal quality and its performance when measuring the impedance of

resistor and capacitor combinations. The results are included in the following sections.

3.4.1 Noise

With no S/DUT connected, the excitation signal at seven frequencies was sampled at 82500 SPS by a DAQ

device for a duration of 10 periods of each signal. The DFT was calculated with a spectral resolution of

0.1 times the signal’s frequency and highest frequency of 41250 Hz. A representative Fourier transform

magnitude with the excitation at 291 Hz is shown in Figure 3.14 with the fundamental and harmonics

annotated. Across all frequencies, peak-to peak excitation amplitudes ranging between 28 mV and 30 mV

were observed. The SNR, excluding six harmonics of the excitation frequency, and THD including six
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Figure 3.14: The 291 Hz excitation signal amplitude in frequency domain. The fundamental frequency and
its significant harmonics are marked on the plot.
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Figure 3.15: The TIA output in frequency domain with no S/DUT, with the first TIA feedback branch
connected, with an excitation frequency of 291 Hz.

Table 3.3: Amplitude, noise, and distortion in the excitation signal. These values were averaged over four
measurements.

Frequency (Hz) 4880 1160 291 65.5 16.4 4.09 0.91
Exc. Voltage (mVpp) 29.75 29.90 29.61 29.68 29.68 29.78 29.39
SNR 3761 3736 3041 1433 715 2051 2457
THD (×10−5) 5.66 1.41 2.72 2.79 2.97 2.90 3.58

harmonics were calculated. The results are included in Table 3.3.

With no S/DUT connected, the TIA and the internal amplifier’s output were similarly measured once with

each TIA feedback impedance connected. Representative Fourier transform magnitudes with the excitation

at 291 Hz and the first feedback impedance are shown in Figures 3.15 (TIA output) and 3.16 (internal

amplifier output). RMS noise was calculated at both nodes. These values are included in tables 3.4 and 3.5.

In the worst case, the TIA output noise was 4.6 mVRMS . This affects the voltage monitored for gain
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Figure 3.16: The internal amplifier’s output in frequency domain with no S/DUT, with the first TIA feedback
branch connected with an excitation frequency of 291 Hz.

Table 3.4: Noise at the TIA output in mVrms measured at different excitation frequencies and feedback
gains.

Noise (mVrms)
TIA Feedback \f (Hz) 4880 1160 291 65.5 16.4 4.09 0.91
(47 kΩ ∥ 4.7 nF ) + 10 kΩ 0.484 0.693 0.452 3.417 4.088 4.017 2.858

1 kΩ 0.279 1.659 0.996 2.335 4.602 4.037 2.894
10 kΩ 0.415 1.439 0.429 2.557 3.903 3.960 2.589
100 kΩ 0.764 0.431 0.906 2.359 4.230 4.317 2.982

Table 3.5: Noise at the internal amplifier’s output in mVrms measured at different excitation frequencies
and feedback gains.

Noise (mVrms)
TIA Feedback \f (Hz) 4880 1160 291 65.5 16.4 4.09 0.909
(47 kΩ ∥ 4.7 nF ) + 10 kΩ 0.374 0.387 0.540 4.281 4.318 3.098 2.010

1 kΩ 0.202 0.217 0.296 1.226 1.435 0.745 0.422
10 kΩ 0.200 0.214 0.299 1.291 1.469 0.766 0.434
100 kΩ 0.239 0.226 0.297 1.786 2.380 1.194 0.623

switching. To account for this noise, the lower and upper amplitude threshold for gain switching was

increased and decreased by approximately 6 mV (
√
2× 4.62 = 6.5), respectively. The threshold for detecting

saturation was also decreased by approximately 4 mVRMS .

As shown in Table 3.5, noise at the AD5934 ADC input can be as high as 4.3 mVRMS . This can cause

significant error since the 12-bit ADC’s resolution is approximately 1.2 mV. Since the device’s dynamic

range covers well beyond the impedance of the target samples, the error thresholds were simply modified

to limit the dynamic range so that a 4.3 mV noise would not cause a significant error. As mentioned in

Section 3.3.2.8, a minimum voltage amplitude of 30 mV (60 mV peak-to-peak) was selected.
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Figure 3.17: Critical signals during measurement of a resistor.

3.4.2 Impedance Measurement Characterization

The impedance of various resistors and RC cells were measured by the device in two-terminal mode. The

results of these tests are included in this section.

3.4.2.1 Resistors

Figure 3.17 shows three critical signals during a typical resistance measurement for a 10 kΩ resistor. In this

measurement, the circuit was configured for 2-terminal measurement and a resistor was placed between the

WE and CE connector (Figure 3.7 (d)). As illustrated in the plot, the excitation signal has an amplitude

of 15 mV and offset of 2 V. The scan starts from 4880 Hz and ends with 0.91 Hz. The TIA output is an

amplified version of this signal. The breaks in the AD5934’s internal voltage amplifier’s output are between

measurements at two frequencies when the internal op-amp is disabled.

To test the dynamic range, accuracy, and precision of the device, eleven resistors with nominal values

from 68 Ω to 470 kΩ were measured. Each scan was repeated ten times. The device was able to calculate an

impedance for the 100 Ω to 180 kΩ resistors while testing the selected resistors outside this range resulted in

a gain error. For the 180 kΩ resistor, an impedance could be measured only at the four lowest frequencies,

with errors at the higher ones. Note that 180 kΩ is close to the upper limit of the dynamic range, and a

slight decrease in the nominal system gain due to parasitics can cause a gain error. Measurements with gain

errors were discarded in the following statistics.

Figure 3.18 shows the results of one scan on each of the resistors. Disregarding parasitic effects, the

resistance measured at different frequencies should be the same. For each scan, we calculated the coefficient
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Figure 3.18: Nine resistors measured by the EIS device in two-terminal mode.

of variation of the resistances measured at the ten frequencies. The frequency-dependent variation ranged

between 0.16% and 2.38%. This variation was larger when different TIA feedbacks were used at different

frequencies. For instance, the 100 kΩ resistor is near the upper limit of the dynamic range covered by TIA

feedback branch one (Z1 = (47 kΩ ∥ 4.7 nF ) + 10 kΩ) at 291 Hz. At this frequency, the magnitude of

the impedance is approximately 57 kΩ. Therefore, theoretically it can be used to measure resistors up to

1.85×57 kΩ = 105 kΩ. Due to noise triggering the adaptive gain control, in some cases, impedance at 291 Hz

was measured by TIA feedback branch one, and in others by feedback branch four (Z4 =100 kΩ). Because

the magnitude of Z1 decreases as frequency increases, at lower and higher frequencies TIA feedbacks one

and four were used, respectively. Since different feedback branches were used for measurements at different

frequencies, the frequency-dependent variation was higher (1.42%), comparing to 0.21% and 0.34% for the

adjacent resistor (47 kΩ and 130 kΩ) values. For the 47 kΩ and 130 kΩ resistors, the device used TIA

feedback branches one and four at all frequencies, respectively.

To evaluate repeatability, for all nine resistors within the dynamic range, the coefficient of variation over

the ten measurements was calculated at each frequency, yielding up to seven values for each of the nine

resistors. The maximum and minimum variation among the values associated with each resistor are included
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Table 3.6: Accuracy and variation in resistance measurements by the custom EIS device. Measured (R)
resistance is the average impedance magnitude calculated at seven frequencies and ten repetitions. Lowest
and highest CoV (coefficient of variation) indicate the variation across ten measurements (averaged over
seven frequencies) by the custom device.

Nominal R (kΩ) 0.1 0.47 2.2 10 47 100 130 150 180
Measured R (EIS device) 0.10 0.47 2.14 9.66 47.00 104.65 136.49 156.68 193.23

Measured R (DMM) 0.10 0.47 2.16 9.93 46.94 99.42 131.12 149.04 181.27
Error (%) -0.24 0.36 -1.05 -2.71 0.12 5.27 4.09 5.13 6.60

Lowest CoV (%) 0.04 0.03 0.04 0.03 0.00 0.02 0.18 0.18 0.17
Highest CoV (%) 0.05 0.01 0.11 0.40 0.41 1.43 0.63 0.95 1.32
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Figure 3.19: Measured resistances plotted against the actual resistor values. DMM measurements were used
as a reference.

in Table 3.6. The magnitude of the impedance of the cortisol samples of interest fall within the 0.47 kΩ to

47 kΩ range where the results are highly repeatable.

Considering the marginal variation, to evaluate accuracy, the measured impedances were averaged over

the seven frequencies and ten repetitions. These averaged values were compared against resistances measured

by a digital multimeter (DMM). As shown in Table 3.6, the absolute errors are within 7%. In the 0.47 kΩ to

47 kΩ range, the error is less than 3%. Therefore, in the 100 Ω to 180 kΩ, with the exception of gain errors

at higher frequencies for 180 kΩ, the device works as expected. This matches the calculated dynamic range

for the system described in Section 3.3.2.8.

The measured resistances were plotted against the DMM measurements to showcase linearity (Fig-

ure 3.19). A linear regression model was fitted to the data, resulting a slope of 1.06 and a root mean

square error of 1.32 and R-squared of 0.9997.
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R1 (kΩ) C1 (nF) R2 (kΩ)

Z1 1 1000 1

Z2 10 100 1

110010.1Z3

1.82268Z4

R1
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Figure 3.20: Four tested RC cells, with values within the device’s dynamic range. The table includes the
nominal component values.

Table 3.7: The custom device’s measured phase and magnitude variations in R(RC) cells.

R(RC) Cell # 1 2 3 4
Lowest STD (degree) in phase 0.02 0.04 0.05 0.09
Highest STD (degree) in phase 0.22 0.41 0.25 0.74
Lowest CoV (%) in magnitude 0.06 0.09 0.06 0.20
Highest CoV (%) in magnitude 0.50 0.37 0.77 1.00

3.4.2.2 R(RC) Cells

The impedance of four R(RC) cells (Figure 3.20) was measured by the custom device and a commercial

potentiostat fromMetrohm (Switzerland). These cells were designed to mimic the behavior of electrochemical

samples. In these cells, R1 corresponds to Rct in an electrochemical sample. We set up two cells with R1

values close to the impedance range found in cortisol samples of our interest; one with R1 of 10 kΩ and the

other with 10.1 kΩ. Additionally, we included a cell with a smaller R1 value of 1 kΩ. To further test the

device’s dynamic range, we included a cell with a significantly larger R1 value of 68 kΩ. This setup allowed

us to showcase the device’s ability in distinguishing between cells with close values of R1, or equivalently

samples with close Rcts, as well as covering a wide range of samples. Similar to the resistor tests, the

impedance of each was measured 10 times. Variation in the measured impedance magnitude and phase,

obtained by the custom device and the Metrohm potentiostat are shown in Tables 3.7 and 3.8, respectively.

Each number represents the variation over 10 measurements of a certain RC cell. The lowest and highest

variations correspond to variation in measurements at a certain frequency. As shown in Table 3.7, our

device’s measurements are highly repeatable. The variation in the Metrohm potentiostat’s measurements

were lower however (Table 3.8).

The measured magnitudes and phases were averaged over ten measurements and compared to the same

measurements by the Metrohm potentiostat. The magnitude, phase, and R1 corresponding to both devices

are illustrated in Figures 3.21 to 3.23. Table 3.9 shows the magnitude and phase comparison at all frequencies,
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Table 3.8: The Metrohm device’s measured phase and magnitude variations in R(RC) cells.

R(RC) Cell # 1 2 3 4
Lowest STD (degree) in phase 0.00 0.01 0.01 0.02
Highest STD (degree) in phase 0.05 0.14 0.14 0.56
Lowest CoV (%) in magnitude 0.01 0.02 0.04 0.03
Highest CoV (%) in magnitude 0.16 0.34 0.42 0.63

and Table 3.10 compares the calculated R1 values. In error calculations, Metrohm potentiostat measurements

were used as the reference to evaluate the custom device’s accuracy.

The error in magnitude ranged from 0.49% to 10.58%, and the error in phase was between 0.11 and

5.81 degrees. After fitting a circle to the impedance data represented in a Nyquist plot, R1 was extracted.

The worst-case variation in the calculated R1 in 10 measurements of four R(RC) cells, performed by the

custom device was 0.28% comparing to 0.26% for the potentiostat. For cell 2 and 3 which are similar to

cortisol samples, this variation was higher in the custom circuit measurements (0.11% comparing to 0.06%

in the potentiostat). The error in R1 was between -3.03% and 2.28%. The results indicate that R1 is

underestimated for smaller impedance magnitudes and overestimated in higher ones. This is consistent with

resistor measurements included in Table 3.6.

Cohen’s distance (d) can be used as a measure of the device’s ability to distinguish between two values

of R1. In equation 3.20, d and σ are the Cohen’s distance and the pooled standard deviation. µi, σi, and ni

are mean, standard deviation, and sample size of the ith group. Equation 3.21 shows the Cohen’s distance

when sample sizes are equal. The numerator represents the difference between the means of the two groups

and the denominator represents an average uncertainty. Thus, the ratio is a measure of how well the groups

can be separated, with larger numbers being better.

d =
µ1 − µ2

σ
, σ =

√
(n1 − 1)σ2

1 + (n2 − 1)σ2
2

n1 + n2 − 2
(3.20)

n1 = n2 =⇒ d =
µ1 − µ2√

1
2 · (σ2

1 + σ2
2)

(3.21)

The average R1 calculated for cell 3 was 140 Ω larger than cell 2. The standard deviation in the 10 trials

were 10.6 Ω and 12.0 Ω respectively, indicating a Cohen’s distance of 12.60. Therefore, R1 in cell 2 and cell 3

can be easily distinguished by our device.

3.4.3 Power Consumption

Power consumption in a complete scan and data transmission cycle depends on the D/SUT and how the

user interacts with the device. For instance, if gain switching is required, the measurement may take up
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Figure 3.21: Average measured impedance magnitudes in four R(RC) cells, acquired by the custom and
Metrohm devices.

to 60 s, compared to 15 s for a different D/SUT that does not require gain switching. Since the user is

responsible for initiating a BLE connection with the device and disconnecting afterwards, the BLE module’s

energy consumption is highly affected by the user.

When powered by a 6 V supply, during measurement, the device draws an average current of 19.5 mA.

Approximately, 17 mA is consumed by the AD5934, 1.5 mA by the microcontroller, and 1 mA by the analog

front-end and the regulator. While the BLE module is advertising and transmitting data, the average current

is 6.0 mA and 17.0 mA respectively. Since the AD5934 is in power-down mode, the majority of this current

is consumed by the BLE module. In a typical measurement where the complete cycle takes approximately

23 seconds, the total energy consumed is 0.50 mWh.

3.4.4 Discussion

In this section, we discussed the performance of our EIS device. We initially evaluated noise levels and signal

quality, confirming stable excitation amplitudes between 28 mV and 30 mV. SNR and THD calculations

provided insights into signal quality. We also examined noise at the TIA output and the AD5934 ADC’s
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Figure 3.22: Average impedance phases in four R(RC) cells, acquired by the custom and Metrohm devices.

input at different excitation frequencies and TIA feedback settings. Adjustments to gain switching thresholds

were made to account for the effect of noise.

For adjusting the gain switching thresholds, the RMS noise was considered. The noise spectrum at the

TIA output and the AD5934 ADC’s input are not uniform. The distribution of noise affects the Fourier

transform calculated by the AD5934 as well as the voltage that is being monitored by the microcontroller.

Further characterization of noise and studying its effect on the measurements can provide a way to accurately

determine the thresholds for achieving a specified level of accuracy.

The device demonstrated a dynamic range covering resistors from 100 Ωto 180 kΩ, with good accuracy

and precision. Impedance measurements on R(RC) cells exhibited repeatability and accuracy, with minor

variations compared to a Metrohm potentiostat. Measurements on R(RC) cells with impedances close to

cortisol samples show promise that our device will be able to accurately measure impedance in the intended

range and distinguish between samples with different Rcts.
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Figure 3.23: Nyquist plots for averaged impedance measurements in four R(RC) cells, acquired by the custom
and Metrohm devices. Markers show measured data points, while traces show a circular fit to the data.

The results point to a minor systematic error that can potentially be rectified through calibration. The

impedance magnitude is consistently overestimated for higher impedances within the dynamic range and

underestimated for the lower ones. However, this error did not affect the system’s ability to differentiate

resistors and R(RC) cells. The main purpose of the device is to differentiate between samples rather than

accurately quantifying the impedance. Also, as it will be revealed in section 3.5, the electrochemical sensors’

variability is higher than the errors observed in the characterization measurements. Therefore, we will retain

this level of accuracy for the present study.

3.5 Experiments

Experiments were conducted on electrochemical samples to validate the functionality of our custom-designed

EIS circuit for 3-electrode impedance measurements. The primary objective is comparing the circuit’s perfor-

mance to a commercial potentiostat, in terms of its capability to differentiate between various electrochemical
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Table 3.9: Errors in measured impedance magnitude and phase for four RC cells at each frequency. Poten-
tiostat measurements were used as a reference.

Magnitude Error (%) Phase Error (degrees)
f (Hz) \RC cell # 1 2 3 4 1 2 3 4

4880 1.22 -0.19 -0.62 -5.77 1.44 3.26 5.81 3.67
1160 -2.16 1.37 -5.27 2.37 0.43 -0.21 2.37 -0.83
291 -3.34 -2.37 -10.58 -0.49 0.11 -0.81 -1.90 -1.89
65.5 -2.11 -3.19 -5.44 1.2 -0.26 0.36 -1.75 -0.65
16.4 -1.03 -1.76 -2.28 2.54 -0.13 0.39 -0.33 0.51
4.09 -1.58 -3.33 -3.63 1.39 -0.18 0.24 0.07 -1.01
0.909 -0.79 -2.33 -2.39 1.79 0.34 1.36 1.24 -1.04

Table 3.10: Comparison of R1 (equivalent to Rct) measurements between the Metrohm potentiostat and the
custom device for R(RC) cells.

Metrohm Custom Device
R(RC) Mean STD CoV Mean STD CoV Error
Cell # (kΩ) (Ω) (%) (kΩ) (Ω) (%) (%)

1 0.99 0.49 0.05 0.96 3.36 0.35 -3.03
2 9.91 5.95 0.06 9.64 11.6 0.12 -2.77
3 10.07 6.04 0.06 9.78 10.7 0.11 -2.82
4 68.03 176 0.26 69.58 195 0.28 2.28

samples. The following sections present the results of two experiments. In the first experiment samples with

varying redox solution concentrations were studied. In the second one, samples had various concentrations

of cortisol antigens.

3.5.1 Experimental Setup

The electrochemical sensors used in these experiments were custom-made disposable screen-printed electrodes

(SPE) that were developed by the BioMEMS and Bioinspired Microfluidic Laboratory. The SPE consists

of a plastic strip with three electrodes. The working and counter electrodes are composed of a hybrid

material containing Graphene poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and

carbon, and the reference is made of silver and silver chloride (Ag/AgCl). During measurement, the SPE’s

sensing area was covered by a solution containing a redox probe. The redox probe, which was a solution of

a Ferrocene/Ferrocyanide couple in phosphate-buffered saline (PBS), allows for current flow and measuring

impedance.

In the first experiment, bare SPEs with no antibodies and antigens were used. In each measurement,

15 µL of the redox solution was added on the sensing area of a bare SPE, and EIS was performed. In the

second experiment, the SPEs were functionalized with cortisol antibodies and antigens. The SPEs’ sensing

area was covered with cortisol antibodies. Different concentrations of antigens were applied to some of the

electrodes. 7 µL of the 4 mM redox probe was placed on the sensing area during EIS measurements.
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3.5.2 Redox Solution Experiments

The impedance of 30 bare SPEs covered with the redox solution was measured. Six concentrations of the

redox solution ranging between 0.5 mM to 5 mM were used. Five SPEs were tested for each concentration.

EIS measurements on each SPE were done using our custom circuit and a MultiAutolab M204 commercial

potentiostat (Metrohm, Switzerland).

To make a fair comparison between the two systems, each disposable SPE was reused and the measure-

ments by the two devices on the same SPE were compared. This approach was adopted due to fabrication-

related variations in the SPEs. Even when using the same sensor, the two devices’ readings are expected to

be different. This is due to electrode reactions caused by the measurement and extended exposure to ambient

conditions. Ideally, the impedance change observed when switching between devices should be comparable to

the change observed in one device’s repeated measurements. To evaluate this, measurement with each device

was repeated three times. This means that overall, six EIS scans were carried out on each SPE. To minimize

the effect of repeated measurements on the comparison of the systems, the order in which the systems were

used was alternated. In three out of five sensors with each concentration, the commercial potentiostat was

used first, while in the other two the custom circuit measurements were completed first.

Figure 3.24 illustrates how the experiment was carried out at a specific concentration. In these exper-

iments, an SPE was plugged into the electrode connector of one device. The redox solution was added to

the sensor. Then, three measurements were made. Then, the SPE was removed and plugged into the other

system’s connector, and three more EIS scans were performed. When comparing readings from the two

systems, the third and fourth measurements on each sensor (highlighted in the same color in Figure 3.24

(a)) were used. These measurements will be referred to as the sensor’s representative measurements. For

evaluating variability in one sensor’s response, back-to-back readings using the same device were compared.

3.5.2.1 Experiment Results

Figure 3.25 illustrates Nyquist plots of the measured impedances in the redox solution experiment. For

each concentration, five sensors’ representative measurements (third and fourth scan) by both devices are

included. In the two plots corresponding to each concentration, each color represents measurements from one

of the five sensors. Plots marked M (left column) are using the Metrohm potentiostat, while plots marked

C (right column) are from the custom circuit. The same color was used for each sensor in both plots. The

Rct for the five scans shown in each subplot was calculated, and the one with the median Rct was selected to

represent the data in each subplot, i.e. a representative Nyquist plot for a given concentration measured by

either the Metrohm or custom potentiostat. This leads to two sets of data: six measurements by the custom
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Figure 3.24: EIS experiment setup. (a) Order of measurements of a specific redox solution concentration
in 5 sensors. Mi,j and Ci,j represent one measurement made by the Metrohm potentiostat and our custom
circuit respectively. i is the sensor index number, and j is the measurement number. The measurements
that are highlighted by the same color were used as the representative measurement for the sensor by each
device. (b) EIS experiment setup using the custom circuit.

circuit, one for each of the six concentrations, and six measurements by the commercial potentiostat, one

for each of the six concentrations. Nyquist plots for this data are shown in figure 3.26.
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Figure 3.25: Nyquist plots for the representative measurements (third and fourth scan) of the impedance of
six redox solutions with concentrations of 0.5 mM to 5 mM, each measured with 5 sensors, each shown in
a different color. M and C columns include Metrohm potentiostat’s and our custom circuit’s measurements
respectively.
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Figure 3.26: Nyquist plots for the impedance of six redox solutions with concentrations of 0.5 mM to 5
mM, (a) measured by the commercial potentiostat, (b) measured by our EIS circuit. The sample with the
median Rct over the five trials was chosen as the representative for each concentration. The markers show
the measured impedances while the curves are the semicircles fitted to the data.

Figure 3.27 (a) and (b) show Rct against concentration for all five sensors’ representative measurements

by the Metrohm potentiostat and our EIS device. Figure 3.27 (c) shows the RCT measured by the custom

circuit, against the commercial potentiostat’s measurement where each data point corresponds to one sensor.

A linear regression model was fitted to the data. A slope of 1.06 and intercept of 0.087 with a coefficient of

determination (R2) of 0.97 indicate that the two device’s measurements are very similar.

To provide a more clear comparison between the two systems’ measurements, Figure 3.28 (a) illustrates

the fitted data from Figure 3.26 on the same plot. In Figure 3.28 (b), the relative changes in Rct measured

by the two systems are plotted against concentration on a logarithmic scale. Since 4 mM samples were

indistinguishable from 5 mM samples, the mean Rct in samples with a concentration of 4 mM or 5 mM was

selected as the reference. To obtain a calibration curve, linear regression models were fitted to the logarithm

transformed data. That is:

ln∆Rct = a · lnC + b (3.22)

Where C is the concentration, and a and b are constant. For the custom device and the commercial

potentiostat, R2 was 0.912 and 0.832 respectively. This shows that this model can effectively explain the

relation between concentration and the Rct. The slopes were -1.7154 and -1.674, showing a similar trend in

the two systems’ measurements.

Table 3.11 shows a comparison of the two device’s performance in this experiment. Cohen’s distance (d)
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Figure 3.27: (a) The Rct of six concentrations of redox solutions each measured in five sensors (a) by the
commercial potentiostat, and (b) by our EIS circuit. (c) The circuit’s Rct measurements plotted against the
commercial potentiostat measurements.
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Figure 3.28: (a) Nyquist plots of semicircles fitted to impedance data from sensors with the median Rct for
each concentration of redox solution. Solid lines and dashed line show the measurements by the commercial
potentiostat and the custom device respectively. (b) Relative Rct of four concentrations each measured in
five sensors by both systems. ∆Rct indicates the change in Rct relative to the mean Rct of sensors with a 4
or 5 mM redox solution.

was used as a measure for the systems’ ability to distinguish the concentrations. The distance was calculated

between adjacent concentrations. Thus, Cohen’s distance here shows how different the impedance for the

concentration in a given column is comparing to the impedance for the higher concentration in the adjacent

column. The negative Cohen’s distances in the 4 mM columns show that neither device was able to detect

an increase in impedance. For concentrations with a positive Cohen’s d, the custom circuit had a better

performance with an average distance of 2.64 comparing to 1.91 for the Metrohm potentiostat.However,

to account for uncontrolled variation of experimental conditions, more experiments are required to make a

statistically significant comparison. Despite this limitation, this experiment provides preliminary evidence
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of the custom circuit’s ability to perform EIS on these samples with a similar performance to the commercial

potentiostat.

Table 3.11: Comparison of measurement of redox solutions’ Rct using the Metrohm potentionstat (M) and
our custom circuit (C). Conc., STD, CoV, and Cohen’s d are concentration, standard deviation, coefficient
of variation, and Cohen’s distance respectively.

Conc. 5 mM 4 mM 3 mM 2 mM 1 mM 0.5 mM

Mevice M C M C M C M C M C M C

Mean(kΩ) 3.14 3.44 2.62 3.29 3.90 4.05 4.14 4.98 8.91 9.03 14.44 17.04
STD (kΩ) 0.31 0.59 0.29 0.58 0.34 0.34 0.78 0.56 4.39 2.27 1.34 1.11
CoV 9.9% 17.1% 11.0% 17.75% 8.7% 8.4% 18.8% 11.2% 49.3% 25.1% 9.3% 6.5%
Cohen’s d - - -1.72 -0.26 4.04 1.59 0.41 2.01 1.51 2.46 1.70 4.49

As mentioned earlier, the sensor response changes as the measurement is repeated. To evaluate this

variation, for each SPE, the percentage change in Rct in back-to-back measurements with the same device

were calculated based on equation 3.23 (Refer to Figure 3.24 (a)). This change (∆), was calculated in all

adjacent measurements on the same device (0 < i < 6, 0 < j < 3).

∆Mi,j+1
=

RctMi,j+1
−RctMi,j

RctMi,j

· 100

∆Ci,j+1 =
RctCi,j+1

−RctCi,j

RctCi,j

· 100
(3.23)

In the custom device’s measurements, the change in the calculated Rct fell within the range of -14.1%

to 13.3% (1.7% on average, with STD of 5.2%). Meanwhile, in Metrohm potentiostat measurements, this

variation spanned from -24.9% to 16.3% (2.0% on average, with STD of 6.9%). This difference may be

attributed to the custom circuit’s shorter excitation period (23 s vs 77 s), which may have less impact on

the samples during each measurement. Additional data is required for a statistically significant comparison.

As evident in Figure 3.27, the Rct for sensors’ representative measurements by the two devices are

somewhat different. This difference could be due to the effect of repeated measurements on one sensor. If

that is the case, this variation should be comparable to the variation observed in each device’s back-to-back

measurements. To evaluate this, the Rct for each sensor’s representative measurements by the two devices

were compared. Excluding two cases with an unusually high difference of approximately 68%, the remaining

comparisons showed differences ranging from -25.2% to 20.6% (9.0% on average, with STD of 12.3%). This

variation is larger than the change observed in one device’s measurements (1.7% average, 5.2% STD for

the custom device, and 2.0% average, 6.9% for Metrohm potentiostat). This difference may be due to the

experimental conditions affecting the sensor impedance when switching between devices.
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3.5.3 Cortisol

The impedance of blank SPEs and SPEs functionalized with three concentrations of cortisol antigens (5,

10 and 20 ng/mL) were measured by the commercial and custom systems. A blank SPE refers to an SPE

with cortisol antibodies, but no antigens. To measure impedance, the redox solution was ’pipetted on to the

sensing area. Similar to the redox solution experiment, impedance was measured for a total of six times on

three electrodes of each concentration: three times with the commercial potentiostat, and three times with

the custom circuit.

3.5.3.1 Experiment Results

The representative data, 3rd and 4th measurements, as defined earlier, on each of the 12 SPEs are included

in Figures 3.29, 3.30, and 3.31.
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Figure 3.29: Nyquist plots for the representative measurements (third and fourth scan) of the impedance
of samples with four concentrations of cortisol antigens between 0 and 20 ng/ml, each measured with 3
sensors, each shown in a different color. M and C represent Metrohm potentiostat’s and our custom circuit’s
measurements respectively.
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Figure 3.30: Nyquist plots for the impedance of samples with four concentrations of cortisol antigens between
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Figure 3.31: (a) Rct of four samples (blank and three concentrations of cortisol antigens) each measured in
three sensors (a) by the commercial potentiostat, and (b) by our EIS circuit. (c) EIS circuit Rct measurements
plotted against the commercial circuit measurements.

Similar to Figure 3.28, Figure 3.32 shows a comparison between the two systems’ fitted Nyquist plots. In

Figure 3.32 (b), the measured change in Rct with reference to blank samples measured by the two systems are

plotted against concentration on a logarithmic scale. To obtain a calibration curve, linear regression models

were fitted to the logarithm transformed data, with the an relative Rct and logarithm of the concentration

as the dependent and independent variables respectively. That is:

∆Rct = a · lnC + b (3.24)

Where C is the concentration, and a and b are constants. For the custom device and the commercial
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Figure 3.32: (a) Nyquist plots of semicircles fitted to impedance data from sensors with the median Rct for
each concentration of cortisol antigens. Solid lines and dashed line show the measurements by the commercial
potentiostat and the custom device respectively. (b) Relative Rct of three concentrations each measured in
three sensors by both systems. ∆Rct indicates the change in Rct relavtive to the mean Rct of a blank sensor.

potentiostat the R2 was 0.753 and 0.869 respectively. In comparison to the redox solution experiment, R2

was lower for our device, and there was a larger difference between the slopes (3.0012 and 3.4075). This may

be due to the limited dataset, and the samples being more prone to deterioration. Note that this logarithmic

relation is often observed in EIS for immunosensing [94–96].

For each of the four samples, only data for three sensors are available. Due to the limited data set,

conventional statistics like mean and standard deviation may not provide a reliable assessment of the data’s

properties. However, even with this constraint, a trend in impedance can be observed. The data suggests

that as the concentrations of antigens increase, there is a noticeable rise in impedance, and this increase was

detectable by both the commercial and custom systems. However, additional data is required in order to

quantify cortisol samples’ impedance dependency on its concentration, and to make a statistically significant

comparison between the two systems.

Similar to the previous experiment, a linear regression model was fitted to the Rcts to relate the de-

vices’ measurements to each other (Figure 3.31 (c)). The model had a slope of 0.87 and R2 of 0.91. This

demonstrates that a linear model effectively captures the relationship between the measurements obtained

from the two devices, with the custom device’s Rcts being slightly lower. Compared to the redox solution

experiments, the sample size in this experiment is smaller. Also, antibodies and antigens are more prone

to deterioration which changes the samples’ impedance. This can explain the smaller R2. The slope in the
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model is 0.87 with a 95% confidence interval of 0.69 to 1.05. This means that a slope of 1.00 falls within the

plausible true slope range for the population.

Similar to the redox solution experiments, the Rct’s change (∆) in back-to-back measurements from the

same sensor by the same device were calculated (See equation 3.23). In back-to-back measurements using

the Metrohm potentiostat, on average, the calculated Rct changed by -1.6% (STD of 6.0%), and by -1.3% on

average (STD of 4.8%) for the custom circuit. The change when switching to a different device was -1.7% on

average (STD of 6.0%), which is similar to the average changes observed within each devices’ measurements.

3.5.4 Discussion

In this section, two sets of experiments with bare and functionalized SPEs were carried out. The data was

analyzed to evaluate the system’s ability to differentiate between different concentrations or cortisol antigens

or redox probes. The measurements’ repeatability was also studied. The performance of our custom EIS

device was compared to a commercial Metrohm potentiostat.

In both experiments, noticeable variation was present in measurements from different SPEs with the

same concentration of the analyte. One reason is the variation in the electrode manufacturing process.

Additionally, during the experiments, the sensors can be exposed to air and room temperature for different

durations of time. In the second experiment, functionalizing SPEs was done manually, and variations in the

process are possible. And finally, The redox solution’s placement on the sensor was manual and varied.

In the experiments with bare SPEs (only containing redox probe), the two devices’ measurements were

closely matched. This was shown by a linear regression model with a slope of 1.06 and R2 of 0.97, relating the

custom device’s calculated Rcts the the commercial potentiostat’s. Both systems were able to differentiate

between concentrations of 0.5 mM to 4 mM. However, the increase in concentration from 4 mM to 5 mM was

indistinguishable. Disregarding the 5 mM measurements, the custom device showed better differentiation

with the higher average Cohen’s distance in calculated Rcts of adjacent concentrations (2.64 comparing to

1.91).

The calibration curve obtained from the two devices’ measurement were also comparable. For both

devices, relative Rct with reference to a 5 mM to 4 mM baseline (∆Rct) increased exponentially with

decreasing concentration. There was a 2% difference between the exponent terms in the models for the two

devices (-1.71 comparing to -1.67). Large R2 of 0.91 for our device and 0.83 for the commercial system

showed that the exponential model effectively explains the relationship between ∆Rct and concentration.

The Rct change in back-to-back measurements of the same sensor was comparable for the two devices,

with the custom device showing slightly less variation, potentially due to its shorter measurement time (23 s
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comparing to 77 s). However, this change was considerably larger when switching devices for measuring

the same electrode. A portion of this between-device change can be attributed to the inherent variability

observed in multiple measurements on the same sensor. Some variability may be attributed to factors such

as the physical handling of electrodes during transitions between devices, potential sample displacement, or

extended exposure to ambient conditions. Results of the characterization tests with R(RC) cell support this

claim, as they showed a marginal difference between the two devices’ measurements.

Overall, despite the small sample size, findings from this experiment suggest that our custom EIS device

can perform EIS on these samples, with a similar performance to the commercial potentiostat.

Similar experiments with functionalized SPEs were carried out. An increase in impedance was observed

with increasing cortisol concentration. However, due to the small sample size (three for each concentration),

Cohen’s distance was not deemed a suitable metric for a fair representation of samples’ differentiation.

A linear model could relate our custom device’s Rcts to the commercial potentiost’s with an R2 of 0.91.

The linear model’s slope of 0.87 with a 95% confidence interval of 0.69 to 1.05 suggests the two device’s

measurements are similar.

The calibration curves were obtained from this experement. For both devices, relative Rct with reference

to blank SPEs (∆Rct) increased with increasing concentration on a logarithmic scale. The logarithm coeffi-

cient (a in equation ??) was 3.00 for our device and 3.41 for the commercial one (12% difference). Comparing

to the redox solution experiments, R2 was smaller for our device (0.75), and slightly larger for the commer-

cial potentiostat (0.87). Note that in this experiment, only three concentrations of cortisol antigens were

tested, and for each concentration, three samples were measured. Therefore, more experiments are required

to reliably determine the relationship between concentration and ∆Rct. However, these experimental results

provide evidence of this relationship and suggest that our device is able to detect it.

Unlike the redox solution experiments, in back-to-back measurements using the Metrohm potentiostat, on

average, the calculated Rct’s changes within both devices’ measurements was similar to the changes observed

when switching devices. This shows no evidence of an inherent difference between the devices, and implies

that the differences between measurements can be mostly due to the properties of the samples and sensors

rather than the devices’ performance.

Overall, the results of these experiments show evidence that our custom EIS device has a similar perfor-

mance to a commercial one when measuring the Rct of the electrochemical samples of our interest.
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3.6 Summary and Conclusion

This chapter presented the design, characterization, and validation of an electrochemical impedance spec-

troscopy system for measuring cortisol concentration. The impedance measurement circuit was designed as

a compact PCB with three operating modes including calibration, 2-terminal impedance, measurement, and

3-electrode EIS.

The circuit utilizes an AD5934 impedance converter for measuring impedance at seven frequencies ranging

from 0.9 Hz to 4880 Hz. Amplifiers and filters using commercially available op-amps were used to condition

the excitation voltage and response current. A microcontroller was used to control the impedance converter,

control the circuit gain, and handle communication. Adaptive gain was implemented to increase the device’s

dynamic range. To select the appropriate gain, the response signal was monitored to confirm that it is within

the detectable range for the impedance converter. In case the response signal was too small, the gain was

increased and vice versa.

The device is battery powered and wireless. The impedance converter’s data and gain settings are trans-

mitted to a connected device via Bluetooth Low Energy. The data is processed in MATLAB to determine

impedance at each frequency. Additionally, in electrochemical measurements, the charge transfer resistance

is calculated in MATLAB as an indication of the sample’s composition.

Characterization tests on resistors and RC cells demonstrated that device’s dynamic range, accuracy, and

precision were appropriate for detecting measurement of cortisol concentration. Our device’s EIS capabilities

were also validated in experiments on electrochemical samples containing various redox solution concentra-

tions as well as various cortisol concentrations. The experiments were also done by using a commercial

potentiostat, and compared to our custom EIS system. These experiments demonstrated that our device has

a performance similar to that of a commercial potentiostat. These experimental results reveal the device’s

potential for long-term semi-continuous cortisol monitoring.

The objective of this project was to develop a compact wireless electronic circuit that could perform

EIS in order to measure cortisol concentration. This research successfully achieved its objectives. The

excitation signal characteristics and gain were optimized for cortisol sample analysis. The device has a

compact and potentially wearable form factor, and is powered by a battery suitable for semi-continuous

daily use. Furthermore, the system supports wireless data transfer and ensures quick measurements, which

are completed well within the intended two minutes.
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3.6.1 Future Work

Future work can involve expanding and enhancing the capabilities of the impedance measurement system.

Several key areas can be explored:

Data Collection and Statistical Testing: A calibration curve can be created to relate impedance

measurements to cortisol concentrations. However, this requires a larger data set. With a larger dataset,

statistical tests can be used to better evaluate the device’s performance in terms of accuracy and precision

of cortisol measurements.

Microfluidic Integration: Integration with microfluidic chips would help minimize exposure to air,

ensuring more consistent and reliable measurements. Microfluidic devices can also enable automated sample

collection and handling. Comparing to pipetting samples in sensors, microfluidics can lead to less experi-

mental variations.

Optimization for Specific Ranges: Depending on the target application, the system can be optimized

for specific impedance ranges. This optimization may allow removing multiple gain and calibration options,

leading to a simplified and more compact design. Focusing on a narrower impedance range can lead to higher

measurement precision and sensitivity.

Form Factor Adaptation: The design can be adapted to different form factors, such as wearable

devices that can be placed on various parts of the body or portable units for point-of-care measurements.

Mobile App Development: A mobile application can be developed to collect, process, store, and

visualize the device’s data, making the system more user-friendly and accessible for non-experts.

Adaptation for Other Analytes: The system may be adapted for the detection of other analytes

beyond cortisol. This expansion could open up opportunities for broader applications in healthcare moni-

toring.
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Chapter 4

Conclusion

In this thesis, we developed two distinct biomedical measurement systems, both utilizing the AD5934

impedance converter — a chip that can generate sinusoidal excitation signals, measure system responses,

and calculate the Fourier transform to determine the system response signal’s amplitude. While this chip

is designed for impedance spectroscopy, we demonstrated its versatility by using it in a fiber photometry

system in addition to an impedance spectroscopy device.

In the fiber photometry project, the AD5934 was used in order to enable amplitude modulation. By

using sinusoidally modulated excitation light, driven by the AD5934’s conditioned excitation voltage, it is

possible to distinguish between signals corresponding to different excitation sources based on their modulation

frequency. In this project, two AD5934s operating at their distinct modulation frequencies were used. One

for the main neural activity-dependent signal, and one for an isosbestic control signal. The AD5934 has a

DSP module that calculates the single-point DFT of its input signal. This simplified the process of calculating

the amplitude of the signals corresponding to the fluorescent emission.

In in vivo footshock experiments, the AD5934-based electronics successfully generated excitation signals

for causing fluorescent emission in mouse brains, and quantified the resulting fluorescent emission. The

calculated ∆F/F was mostly in agreement with measurement results using a commercial fiber photometry

system. In GCaMP experiments, there was a noticable difference between the second channel’s response.

For our setup, there were peaks in the second channel corresponding to footshocks. This was likey due to

the cross-talk between the channels as the two excitation frequencies were close to eachother. Although after

correcting the frequencies, this cross-talk wasn’t observed in the FITC experiment, more experiments are

required to confirm that this issue has been eliminated.

Overall, despite the afformentioned limitation, this project successfully met its primary aim, which was
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designing a fiber photometry system, powered by a 6 V voltage source, that is capable of recording neural

activity in mice using optical excitation powers below 10 µW, while mitigating motion artifacts and correcting

for the photodetector’s gain variations. Compared to previous photometry systems employing either low

optical excitation powers or low supply voltages, our setup combines both advantages with relatively low

optical and electrical power requirements.

In the EIS project, the impedance converter was used in its original intended application. The impedance

converter’s generated signal was conditioned and applied to a sample or device. The resulting current was

converted to voltage and conditioned and then sampled by the chip. The impedance at a range of frequencies

was calculated based on the chip’s data. While the AD5934’s datasheet shows the application as measuring

impedance between two terminals, we interfaced the chip with a three-electrode electrochemical sensor

by an analog front-end. This enabled the device to make three-electrode potentiostatic measurements on

electrochemical samples. The device’s dynamic range was extended by using adaptive gain. The frequency

range of the chip was extended by configuring the chip’s input clock frequency.

In electrochemical measurements, the device’s performance was similar to a commercial potentiostat.

However, the the difference between the two devices’ measurements was significanly larger than the mea-

surements with resistor-capacitor cells. This difference was more pronounced in the cortisol experiments.

Multiple sources of error contribute to this variation. First of all, unlike electronics elements, exciting electro-

chemical samples changes their properties. Reactions at the electrode surface continuesly affect the sensors’

impedance. Therefore, it is expected to observe different values for the impedance on repeated meaurements

on the same sensor.

Additionally, the SPEs used in this experiment must be vacuum sealed and kept at sub-zero temperatures

to maintain their properties. During the experiment, these SPEs were exposed to air and ambient tempera-

tures for different periods of time. Also, because of the small volume of the analyte added, evaporation can

have a significant affect on the samples. Moreover, cortisol samples are biologically active and more likely

to deteriorate when exposed to ambient temperatures. Overall, as the experiment progressed, the sensors’

and samples’ properties were affected. Physical handling of the sensors can also affect the impedance. As

the SPE is removed from one connector and plugged into the other one to switch between the two systems,

the redox sample can move on the sensor surface. Also, the printed contacts of the sensor may be scratched.

There is also significant variation between different sensors’ impedance. In part, this is due to exposure

to ambient conditions for different durations of time and physical handling of the sensors. In this exper-

iment, no mask was placed on the sensor, and samples were drop-cast on the sensing area. This process

was done manually and there were variations in the sample placement on the sensor. In fact, the entire

sensor functionalization process was manual and variations in the process are expected. Finally, the SPE
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manufacturing process can introduce variations in the sensor properties.

Despite these limitations, our EIS device successfully met its aims. It was compact, battery-powered, and

wireless, and was capable of distinguishing between samples containing different concentrations of cortisol.

Table 4.1 shows a comparison between our device and previous standalone wearable cortisol sensing devices

mentioned in Section 3.2.2. Our wireless device has a comparable size and requires similar sample volumes

as state-of-the-art devices. However, there is need for additional experiments with broader concentration

ranges of cortisol in sweat samples as opposed to in phosphate buffered saline (PBS).

Table 4.1: Comparison of different cortisol sensing platforms. Conc. is short for concentration. Note that
the concentration does not necessarily indicate the dynamic range of the systems, but rather the cortisol
concentration of samples in the study.

Year, Au-
thor

Sensor Method Sample
Volume

Conc.
Range

Wireless Recognition
Element

Sample

Rice et al.,
2019 [87]

Interdigitated
Electrode

EIS
and CA

5 µL 1-151 ng/mL No Cortisol An-
tibody

Human
Sweat

Torrente-
Rodriguez et
al., 2020 [88]

Flexible
Graphene
Electrodes

EIS 10 µL 0-5 ng/mL Yes Cortisol An-
tibody

Human
Sweat

Churcher et
al., 2020 [89]

Flexible
Porous Gold
Sensors

EIS 2 µL 1-256 ng/mL No Aptamers Human
Sweat

Wang et al.,
2022 [90]

Flexible
Field-Effect
Transis-
tor (FET)
Biosensor
Array

FET-
based

Not
specified

1 pM to 1 µM Yes Aptamers Artificial
and Human
Sweat

This Work Flexible Car-
bon SPEs

EIS 7 µL 5-20 ng/mL Yes Cortisol An-
tibody

Cortisol in
PBS

In conclusion, these projects highlight the adaptability and effectiveness of the AD5934, in applications

involving measurement of a system’s response to sinusoidal excitation.
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