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ABSTRACT 

 

The noninvasive measurement of vital signs, particularly for cardiovascular and respiratory 

disease, is of great importance, since it can be used for monitoring the progress of a patient’s 

condition. In fact, monitoring the progress of a patient after they have left the hospital can be just 

as important as while they are in the hospital.  For this reason, many companies as well as research 

institutions are developing wearable devices that can continuously monitor the vital signs of a 

patient. A common way to measure vital signs such as heart rate and respiration rate is by using 

light-based methods, but they have some weaknesses such as relatively high energy consumption. 

Hence, it is important to continue to develop alternative sensing systems. 

The goal of this research is to develop a small form factor bioimpedance circuit that captures artery 

pulsation, which can then be used to obtain vital signs such as heart rate and respiration rate. 

Bioimpedance itself is an electrical-based sensing method which consists of injecting a small 

current and then measuring the voltage change. The developed bioimpedance circuit consists of 

three sections: (1) a section to generate a high single-frequency, low current signal to be injected 

into the body, (2) a section to capture and measure the voltage differential generated across two 

points in the subject’s body due to the current injected, and (3) a section that takes the measured 

voltage differential and processes it to obtain the desired bioimpedance signal. From the 

bioimpedance signal, one can then obtain physiologically relevant information such as heart rate, 

and respiration rate. 
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1. INTRODUCTION 

1.1 Cardiovascular and respiratory disease 

 The number one cause of death on a global level is cardiovascular disease. Just in 

2019 alone, the number of people that died from cardiovascular disease was 18.56 million. 

The third cause of death are respiratory diseases and in the same year, 3.97 million people 

around the world died [1]. Looking for example in the United States, one person will die 

every 36 seconds from cardiovascular disease. This means that in total, around 660,000 

people will die from this cause, representing 25% of all deaths in the US [2]. In fact, as a 

general trend, the main cause of death greatly depends on the country’s income. In lower 

income countries, infectious diseases are the main cause of death and in higher income 

countries, non-communicable diseases, such as cardiovascular disease, dominate as the main 

cause of death  [2]. 

 Looking at projections for 2030, it is expected that 40.5 percent of the total 

population in the US will have cardiovascular disease. This will represent 800 billion (billion 

in short scale) USD in potential costs [3]. However, there is one big issue that many people 

and organizations overlook whenever talking about these types of noncommunicable 

diseases in diverse countries such as the US. This is, the fact that these diseases impact 

disproportionately underserved communities, such as African Americans. African 

Americans have higher risk of developing hypertension and diabetes which in turn, also 

increase the risk of developing and/or increase the severity of cardiovascular disease [4]. In 

fact, in 2009, it was measured that 0.387% of African American males and 0.2679% of 

African American females died from cardiovascular disease, whereas the average in the US 

was 0.2361% of the population that died from cardiovascular disease [4]. Hispanic 
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populations are also at a disadvantage, where cardiovascular disease represents their number 

one cause of death. 

1.2 Tracking cardiovascular and respiratory disease 

For people that have noncommunicable diseases such as cardiovascular and 

respiratory disease, tracking their condition is a key part of the process for them to recover. 

This is essential to determine whether a person’s condition is getting better or worse so that 

then, the physician is able to act accordingly. 

  All health workers, from physicians to paramedics, utilize mainly four vital signs to 

noninvasively monitor the patient’s condition: heart rate, respiration rate, blood pressure, 

and body temperature [5]. Since tracking the patient’s condition is of great importance, 

hospitals are equipped with expensive and robust devices designed to measure the vital 

signs while the patients are in the hospital. However, the same cannot always be said for 

when after a patient leaves the hospital. For this very reason, many institutions are on a 

race trying to develop wearable devices that can track physiological vital signs such as 

heart rate and respiration rate. 

 Several different methods exist for obtaining physiological signals using wearable 

devices such as: electrocardiography, photoplethysmography, and bioimpedance, for 

example. The most common method used in most commercial, fitness wearable devices in 

the market is photoplethysmography [6]. This light-based method is more popular because 

it is simple to setup and operate, can be incorporated into a simple form factor like a watch 

device, and is relatively inexpensive while still being reasonably effective as a fitness 

device [7]. 
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There are already commercial, wearable devices that are advertised as fitness trackers 

such as the Fitbit, Garmin smartwatch and the Apple Watch [6]. The intent is that such 

devices can be used to help people monitor their fitness and exercise to ultimately promote 

a change to a healthier lifestyle [6] [8]. Looking specifically at the Apple Watch, it has been 

cleared by the Food and Drug Administration as a Class II device for “Electrocardiograph 

software for over-the-counter use” and data generated is not intended for clinical use or to 

diagnose or treat a person [9]. A Class II device refers to those that present moderate to high 

risk to the user. Hence, further development is needed to create wearable devices that can 

help track accurately vital signs, which can then be useful for tracking cardiovascular and 

respiratory disease. 

1.3 Disparity in wearable devices 

 It is worth noting that, not only do African Americans and Hispanic Americans have 

more predisposition to develop and die from cardiovascular disease, many of the tracking 

devices just mentioned are not made taking into account the inherent biological differences 

that these populations have. So even when they are supposed to be made to measure 

important physiological vital signs such as heart rate and respiratory rate, they might not 

work as effectively for different populations.   

As an example, one can look at most wrist-worn watches in the market today. Studies 

have been performed that show that when people with darker skin tone use 

photoplethysmography-based wearable sensors, the chosen wavelength for the device is not 

as effective for their skin color so there is a decrease in the accuracy of quality of the signals 

obtained [10]. This is because, depending on the wavelength used in the device, it will 

influence how deep light signal can reach into the tissue for different skin tones. 
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High Body Mass Index is also a factor that is highly present in these communities, 

and which has been proven to significantly impact the waveform of signals captured using 

photoplethysmography [11]. The reason for the decrease in signal quality is because higher 

BMI levels represents more tissue layers for the light to go through, and thus, the shape of 

the obtained waveform will be impacted. 

 It is for these reasons that it is necessary to develop wearable devices which can 

accomplish their function for everyone, taking into account the overlooked segments of the 

population just mentioned. One potential solution that can be implemented is to use 

bioimpedance techniques to measure the vital signs. In this way, one can take a first step 

towards creating a wearable sensor for more diverse populations. The reasoning for this is 

that bioimpedance measures the same artery pulsation as photoplethysmography, but since 

biological tissue has different electrical and optical properties, the penetration into the tissue 

with bioimpedance is deeper and the waveform is potentially less susceptible to changes due 

to skin tone. 
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2. BACKGROUND 

2.1 Impedance spectroscopy and motivation 

 Impedance Spectroscopy measurement techniques have existed for many years and 

can be used in a great variety of fields such as the oil industry, electrochemistry, 

bioimpedance and other applications [12,13,14]. At a basic level, the way in which it 

works is that, by the application of some current or voltage into the object of interest, one 

can then obtain information about the object in the form of the resulting impedance. This is 

done by measuring the voltage or current generated across that object. With this 

information, one can then determine characteristics of the measured system and/or how the 

system changes with time [15]. 

 Bioimpedance itself, is a form of impedance spectroscopy, where it is applied to the 

human body. There are plenty of applications already in place which prove bioimpedance 

itself is a working and valid method to use. For example, bioimpedance is already used in 

many commercial scales, where they send a harmless current through the body and in 

doing so, they can obtain information about the bone density, water, and fat content in the 

person’s body and even can be used to measure body cell mass [16]. Another application 

of bioimpedance is to be able to detect cardiac and respiratory activity in a non-invasive 

manner. For example, this technique has been proven to obtain important cardiac activity 

information in the radial artery located in the wrist, as well as respiratory activity 

information obtained by measuring motion from the thorax [17]. 

 A great location in the body where one can apply bioimpedance techniques is on 

the brachial artery in the upper arm. The reasoning is that it is easier to obtain respiratory 

activity information in this location since, every time a person inhales and exhales, the 
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upper arm can move along with the chest and this motion can be captured by 

bioimpedance. At the same time, measuring in the brachial artery still allows us to obtain 

cardiac activity information as it would in any other artery. However, there have not been 

many attempts to apply the bioimpedance technique on the brachial artery in the upper 

arm, and the ones that have, did not capture both heart and respiratory activity in the data 

they produced [18,19]. This opens up the possibility for the development of a system 

which is capable of measuring in the upper arm both cardiac and respiratory activity 

simultaneously. 

 

2.2 Bioimpedance method 

 For the reasons mentioned in the previous subsection, the interest of this research is 

to utilize bioimpedance to obtain both cardiac and respiratory activity from artery/arteriole 

pulsation and arm motion respectively, in a non-invasive manner. As stated before, a 

simple explanation of how bioimpedance works is that a signal is injected into the body, 

and then the generated signal is measured from the body. To start developing a system, the 

first thing that needs to be done is to understand what signal is injected into the body and 

the rationale behind it. 

In general, one can inject a single frequency or multiple frequencies into tissue, and 

depending on the value of the frequency chosen, it will provide different information about 

the object. One can classify the frequencies into three ranges based on the dispersion they 

have on human tissue: α-dispersion (Hz-kHz), β-dispersion (kHz-MHz) and γ-dispersion at 

higher frequencies. In general, the β-dispersion range is more informative for the 

application we are interested in since it provides information about the cell membranes and 
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whole blood [20]. For this reason, a frequency in the β-dispersion range is chosen as the 

frequency of injection for our application. 

After the frequency is chosen, one needs to determine whether the applied signal 

will be voltage or current-based and also, what amplitude it will have. In terms of 

regulations and standards, according to the IEC 60601-1-11, the root mean square current 

of the signal injected into the body depends on the frequency. Since regulations are based 

on limiting how much current one can inject, most bioimpedance systems are current-

injecting, instead of voltage-injecting. When selecting a current amplitude, it will be upper-

limited depending on what frequency the signal injected contains [21]. It follows the 

following formula: 

𝐼𝑟𝑚𝑠 ≤ 10−7𝑓 

where 𝐼𝑟𝑚𝑠 units are Amperes and 𝑓 units are Hz. 

 Once a specific frequency has been chosen, the upper-limit for the current rms 

amplitude is known. Now, after injecting the chosen current into the body, the next step is 

to capture the generated voltage differential across two points. To do this, one needs to 

understand how information about the artery pulsation is captured after injecting a current 

into the body. The way it works is that every time an artery pulsates, its effective 

impedance value changes. If we measure this impedance change over a period of time, one 

can capture the full artery pulsation waveform, after appropriate signal processing. This 

waveform can then be used to obtain the previously mentioned physiological parameters.  

To capture this, a high precision instrumentation amplifier is necessary so it can 

capture the voltage differential while adding little noise to the signal. The signal then needs 

to be acquired with an Analog to Digital Converter (ADC) with high enough bit resolution 
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and sampling rate. Additionally, to extract the signal of interest from the captured voltage 

by the ADC, signal processing needs to be performed. It can either be done in the 

computer in post-processing or using analog components before acquiring it with the ADC. 
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3. DESIGN, DEVELOP AND TEST OF BIOIMPEDANCE CIRCUIT 

3.1 Approach 

Before developing the full circuit, and as a first step to be taken for this research, the 

minimum necessary circuit sections needed to obtain bioimpedance signal will be 

developed. These are the current injection section as well as the signal measuring section. 

By having only, the necessary sections of the circuit, one can determine if they are 

functioning correctly. To visualize the resulting signal, processing can be done in the 

computer at this stage. The system will be evaluated first based on correct functionality 

and capability of obtaining bioimpedance signal. 

3.2 Literature search on bioimpedance-based sensing 

To be able to develop a bioimpedance sensing circuit, different papers were read that 

explain the physiology behind it, as well as the acquisition process, and the potential 

components required for it to work correctly. First, reading was done to understand the 

physiology behind bioimpedance. In general, bioimpedance is part of the more general 

category of Impedance Plethysmography, which means that changes in volume in the body 

are measured indirectly from changes in electrical impedance [22]. For us, to measure the 

strongest artery pulsation waveform, it is necessary to inject and measure the signal 

directly on top of the artery with the electrodes running parallel to it.  

 Once potential locations for injection and measurement are known, one should 

decide how many electrodes to use. In general, there are two methods for injecting and 

measuring the signal. The first method consists of using two electrodes that both inject and 

measure the signal simultaneously. This method is less preferred due to the fact that this 

configuration adds unwanted resistance which comes from the electrode tissue interface 
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and it will affect the final measurement [23,24]. One could argue that this additional 

impedance could be characterized to then be eliminated from the measurement. However, 

this resistance is not constant as a function of time because the electrode tissue interface 

can change due to physiological processes such as perspiration or pathological ones such 

as fibrosis or necrosis.  

The second method consists of using four electrodes. The most common four 

electrode configuration, known as the Wenner or Schlumberger arrangement, has the two 

most outer electrodes inject the current and the two inner electrodes measure the resulting 

voltage [25]. The reason for this being the preferred method is that this configuration 

eliminates the electrode tissue interface impedance and other unknown contact impedances 

as well. [24, 26, 27]. Another reason why the four electrode configuration is preferred for 

our application is that, at the frequency range chosen for this project (~ kHz), the four 

electrode method adds really small impedance to the measurement, whereas the two 

method electrode adds greater impedance [28].  

In Figure 1, one can observe how signal will be applied and measured using the 

four electrode method. The external electrodes are used for injecting the current and it can 

be observed that one side is the positive terminal and the other is the negative terminal. 

Then, the inner electrodes are used for measuring the voltage differential generated across 

the tissue. The figure illustrates how to apply the current on top of the artery, and how the 

impedance change is due to the variation of its cross-sectional area caused by change in 

blood flow.  Furthermore, since the blood flow change in the artery is directly caused by 

heart beating, the impedance variation △Z(t) is directly related to heart rate.  
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Figure 3.1 – Illustration of current injection for bioimpedance acquisition 

 

3.3 Component selection and test circuit 

3.3.1 Signal generator for Injection section 

The injection section of the circuit can be divided into two main subsections: the 

signal generator and the voltage to current converter. The purpose of the signal generator 

subsection is to make a periodic signal with a single frequency. The frequency will be 

chosen in the β-dispersion range as mentioned previously, that is, in the kilohertz range. 

One can choose to use a Digital to Analog Converter chip to generate the signal or build an 

oscillator analog circuit. Both of them achieve the same function so the oscillator analog 
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circuit was chosen for its simplicity and scalability in case one wanted to mass produce the 

created system.  

At a basic level, oscillator circuits require an amplifier and appropriate feedback. 

The selected operational amplifier must have low noise, high common mode rejection and 

open loop gain. For this reason, to make the analog oscillator circuit, high precision 

operational amplifiers are used since it is required for the frequency to be exact. For our 

application, the OPA277 high precision chip was chosen since it meets our requirements as 

it can be observed in Table 3.1 [29].  

Table 3.1: Electrical characteristics for OPAx277P 

Parameter Typical Value Unit 

Input Voltage Noise Density 8 nV/√Hz 

Common Mode Rejection 80 dB 

Open loop gain 40 dB 

 

One can make oscillators using either inductors and capacitors (LC) configurations 

or resistors and capacitors (RC) configurations. For the kilohertz frequency range required 

for this application, RC configurations are preferred. The reason is that, to generate 

frequencies that are relatively low, the inductance values needed are non-practically high 

for LC oscillators. The chosen analog oscillator circuit configuration is known as Wien 

Bridge Oscillator.  
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The Wien Bridge Oscillator is composed of parallel and series RC components, 

connected to an amplifier, which has appropriate resistors connected to it for gain as it can 

be observed in Figure 3.2 [30]. 

 

Figure 3.2. Wein Bridge Oscillator circuit configuration 

 By analyzing the circuit, one can obtain the ratio of the voltage input Vin and the 

voltage output Vout as follows: 

𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
=

𝑅||
1

𝑗𝜔𝐶

𝑅||
1

𝑗𝜔𝐶 + 𝑅 +
1

𝑗𝜔𝐶

=
1

3 + 𝑗 (𝜔𝑅𝐶 −
1

𝜔𝑅𝐶)
 

It is known that at the frequency of oscillation of the circuit, the phase shift must be 

zero. To do this, one can set the imaginary part equal to zero to eliminate any phase 

components. In doing so, the following equation must be true: 

𝜔𝑅𝐶 −
1

𝜔𝑅𝐶
= 0 → 𝜔𝑅𝐶 =

1

𝜔𝑅𝐶
 

It is observed that one obtains a quadratic equation in 𝜔 as a function of R and C. 

Since it is a quadratic equation, there are two potential solutions, and one might obtain 

negative solutions, but they will be discarded since negative solutions do not make 
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physical sense. To determine what 𝜔 is as a function of R and C, we need to solve the 

previous equation: 

𝜔2 =
1

(𝑅𝐶)2
→ 𝜔 = ±

1

𝑅𝐶
→ 𝜔 =

1

𝑅𝐶
 

Now, one can select the frequency of oscillation for the Wein Bridge circuit by 

selecting desired values for R and C. The values for R and C were selected taking two 

things into consideration: (1) the desired kilohertz frequency range of oscillation, and (2) 

the standard values available for resistors and capacitors, trying to choose the most 

common ones. After calculating different combinations, the chosen values are: R = 1800 Ω 

and C = 4.7 nF. Choosing these values, one obtains: 

𝜔 = 2𝜋𝑓 → 𝑓 =
1

2π𝑅𝐶
=

1

2π(1800)(4.7𝑥10−9)
≅ 19 𝑘𝐻𝑧  

 Going back to the ratio of Vin and Vout, whenever 𝜔 =
1

𝑅𝐶
, there is an attenuation 

of 1/3 which must be compensated by making the amplifier have a gain of at least 3 V/V: 

Attenuation: 
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
=

1

3+𝑗((
1

𝑅𝐶
)𝑅𝐶−

1

(
1

𝑅𝐶
)𝑅𝐶

)

=
1

3+𝑗(1−1)
=

1

3
 

Gain: 
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
= 1 +

𝑅2

𝑅1
≥ 3 →

𝑅2

𝑅1
≥ 2  

For this, standard, common values are chosen with 𝑅2 = 100 𝑘Ω and 𝑅1 = 47 𝑘Ω. 

3.3.2 Voltage to current converter for Injection section 

Now that we can produce an oscillating voltage using the Wien Bridge, we have to 

convert it to a current signal using a voltage to current converter. The function of the 

voltage to current converter subsection is to take as input the voltage generated in the 

oscillator subsection, and output it as a low and stable current value. The voltage to current 
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converter is done by using an Improved Howland Current Pump configuration which can 

be observed in Figure 3.3 [31]. 

 

Figure 3.3. Improved Howland Current Pump configuration 

Again, we utilize an OPA277 as the amplifier for this subsection. The values 

chosen for the different resistors will determine the rms amplitude of the current signal, 

which as we know, is upper-limited depending on the frequency of oscillation chosen in 

the previous subsection. By doing node analysis of this configuration one can obtain: 

𝐼𝑂𝑈𝑇 =
𝑉𝑖𝑛+ − 𝑉𝑥

𝑅11 + 𝑅12
+

𝑉𝑜 − 𝑉𝑥

𝑅13
 

𝑉𝑜 = (1 +
𝑅15

𝑅14
) (𝑉𝑥 + 𝑅12

𝑉𝑖𝑛+ − 𝑉𝑥

𝑅11 + 𝑅12
) =

(𝑅15 + 𝑅14)(𝑉𝑥𝑅11 + 𝑅12𝑉𝑖𝑛+)

𝑅14(𝑅11 + 𝑅12)
 

Using the previous two equations, one can obtain 𝐼𝑂𝑈𝑇 as a function of 𝑉𝑖𝑛+ and 𝑉𝑥: 

𝐼𝑂𝑈𝑇 =
𝑉𝑖𝑛+ − 𝑉𝑥

𝑅11 + 𝑅12
+

(𝑅15 + 𝑅14)(𝑉𝑥𝑅11 + 𝑅12𝑉𝑖𝑛+)

𝑅13𝑅14(𝑅11 + 𝑅12)
−

𝑉𝑥

𝑅13
 

𝐼𝑂𝑈𝑇 = 𝑉𝑖𝑛+ [
1

𝑅11 + 𝑅12
+

𝑅12(𝑅15 + 𝑅14)

𝑅13𝑅14(𝑅11 + 𝑅12)
] + 𝑉𝑥 [

𝑅11(𝑅15 + 𝑅14)

𝑅13𝑅14(𝑅11 + 𝑅12)
−

1

𝑅13
−

1

𝑅11 + 𝑅12
] 
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Since we want to make 𝐼𝑂𝑈𝑇 independent of 𝑉𝑥 (the voltage generated across the tissue), we 

need to make its coefficient equal to zero: 

𝑅11(𝑅15 + 𝑅14)

𝑅13𝑅14(𝑅11 + 𝑅12)
−

1

𝑅13
−

1

𝑅11 + 𝑅12
=

𝑅11(𝑅15 + 𝑅14) − 𝑅14(𝑅11 + 𝑅12) − 𝑅13𝑅14

𝑅13𝑅14(𝑅11 + 𝑅12)
= 0 

𝑅11𝑅15 − 𝑅14(𝑅12 + 𝑅13)

𝑅13𝑅14(𝑅11 + 𝑅12)
= 0 

After simplifying the coefficient of 𝑉𝑥 and setting it equal to zero, the expression will be 

zero whenever the numerator is equal to zero: 

𝑅11𝑅15 − 𝑅14(𝑅12 + 𝑅13) = 0 → 𝑅11𝑅15 = 𝑅14(𝑅12 + 𝑅13) → 𝑅11 = 𝑅14, 𝑅15 = 𝑅12 + 𝑅13 

By choosing the resistors values as described, one can assure that the output current of the 

Howland Current pump will be independent of the load connected to it. Then, the output 

current depends only on the following: 

𝐼𝑂𝑈𝑇 = 𝑉𝑖𝑛+ [
1

𝑅11 + 𝑅12
+

𝑅12(𝑅12 + 𝑅13 + 𝑅11)

𝑅13𝑅11(𝑅11 + 𝑅12)
] = 𝑉𝑖𝑛+ [

1

𝑅11 + 𝑅12
+

𝑅12
2 + 𝑅12𝑅13 + 𝑅12𝑅11

𝑅13𝑅11
2 + 𝑅13𝑅11𝑅12

] 

In general, 𝑅14 is chosen to be equal to 𝑅15 so 𝑅11 = 𝑅12 + 𝑅13, then: 

𝐼𝑂𝑈𝑇 = 𝑉𝑖𝑛+ [
1

2𝑅12 + 𝑅13

+
2𝑅12(𝑅12 + 𝑅13)

𝑅13(𝑅12 + 𝑅13)2 + 𝑅13𝑅12(𝑅12 + 𝑅13)
] = 𝑉𝑖𝑛+ [

1

2𝑅12 + 𝑅13

+
2𝑅12

𝑅13
2 + 2𝑅13𝑅12

] 

𝐼𝑂𝑈𝑇 = 𝑉𝑖𝑛+ [
2𝑅12 + 𝑅13

𝑅13(2𝑅12 + 𝑅13)
] =

𝑉𝑖𝑛+

𝑅13
 

Now, in an elegant simplification, the current is a function of only 𝑉𝑖𝑛+ and 𝑅13. This 

means that if we want to increase the amplitude of the current, we have to either increase 

the amplitude of the input voltage or decrease the resistance of 𝑅13. Now the values for all 

resistors can be chosen and generally, 𝑅13 can be kept at a low resistance such as 2.7 kΩ 

and be modified depending on the desired output current, and all other resistors can be 

chosen to have high resistance such as 100 kΩ. 

 



 

17 

 

 

 

3.3.3 Measurement section 

After selecting what configurations to use and values for the injection section of the 

circuit, one can go ahead and select what component to use for measuring the resulting 

voltage across the person’s tissue. Making this part of the circuit is simpler since the only 

thing needed is an instrumentation amplifier which has low noise and high common mode 

rejection ratio. At this stage, the measuring will be done by using an INA828 since it 

covers our requirements as seen in Table 3.2 [32]: 

Table 3.2: Electrical characteristics for INA828 

Parameter Typical Value (for G = 10) Unit 

Input Voltage Noise Density 12 nV/√Hz 

Common Mode Rejection 100 dB 

 

The gain is set by a resistor and it depends the given formula: 𝐺 = 1 +
50 𝑘Ω

𝑅𝐺
 [31]. 

To achieve a gain of ~10, one should select 𝑅𝐺  to be ~ 5 𝑘Ω. Since the bioimpedance 

signal that we are interested in is really small, the ADC needs to have a high number of 

bits. Additionally, since the signal that we have to acquire contains a ~19 kHz frequency, 

the sampling rate needs to be at a minimum twice that frequency. For these reasons, the 

output of the measuring section from the INA828 is acquired with a NI-DAQmx 

acquisition device, which contains 16 bits in the ADC and is capable of reaching up to 500 

kSamples/s, which for our application will be 100 kHz [33]. This signal will then go into a 

computer where it will be processed. Now, the circuit can be built and tested according to 

Figure 3.4. 

 



 

18 

 

 

 

 

Figure 3.4 Flow diagram of bioimpedance circuit  

3.3.4 Test circuit 

To assess the design, a test subject will utilize the research-grade bioimpedance 

machine, Biopac MP160 with the EBI100C attachment. to obtain bioimpedance signal  

[34, 35]. Then, the same subject will obtain bioimpedance signal from the developed 

circuit. The obtained bioimpedance signal from the developed circuit and the Biopac 

machine will be compared in morphology to each other to ensure the waveform shapes are 

similar to each other and that one can go ahead build a printed circuit board to reduce any 

potential noise. This experiment was carried out by connecting the electrodes in the 

selected Wenner configuration and placed on top of the artery.  In Figures 3.5 and 3.6 one 

can observe the results from the Biopac system and the developed circuit. One can also 

showcase the 1st derivative of the bioimpedance signal to better visualize the peaks from 

the bioimpedance signal. 
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Figure 3.5 Bioimpedance signal obtained with Biopac 

 

Figure 3.6 Bioimpedance signal obtained with circuit 
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 In Figure 3.5, the data obtained from the Biopac machine is presented. It has a 

built-in 10 Hz lowpass filter, although it can be seen that it still has great amounts of noise. 

In Figure 3.6, the data obtained from the circuit is presented. Signal processing was done 

in MATLAB to extract the desired bioimpedance signal, as well as a 6 Hz lowpass filter. 

One can observe that the obtained signal from both systems are similar in morphology, so 

one can go ahead and build the printed circuit board version of the system. This, ideally, 

will be beneficial in terms of noise, since there are less moving parts from the components 

in the breadboard. 

3.4 Develop schematic, printed circuit board and test circuit 

3.4.1 Develop schematic 

The first step to develop the bioimpedance printed circuit board using the Altium 

software, is to develop a schematic. This is done since the software uses the components 

and their connections in the schematic to create connections for the 3D printed circuit 

board.  In Figure 3.7 and Figure 3.8, one can observe the developed schematic to generate 

the bioimpedance circuit. 

As mentioned, the Oscillator circuit is generating a voltage signal with a 19 kHz 

frequency and 3.13 V/V gain. The buffer is placed in between the two section to avoid any 

loading of the oscillator circuit. The Voltage to Current Converter circuit takes in the 

voltage signal, and outputs it as a current signal, which can then be injected into the 

person. Finally, the measurement section consists of the INA828 instrumentation amplifier 

with a gain of 10 V/V. Some capacitors are added to remove any DC offset there might 

exist. 
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(a)

(b) 

(c) 

Figure 3.7 Schematic diagram of injection section of circuit (a) Oscillator Circuit                

(b) Buffer circuit (c) Voltage to Current converter circuit 
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Figure 3.8 Schematic diagram of measurement section of circuit 

3.4.2 Develop printed circuit board 

Now that the circuit schematic has been developed, one can go ahead and start 

developing the printed circuit board. In general, the process involves at first, to arrange all 

the components in a way the components that are connected to each other are close to one 

another, while saving as much space as possible. Then, one must wire all the components 

as described in the schematic that was just developed. In Figure 3.9 one can observe the 

developed printed circuit board’s 3D view. 

 

Figure 3.9. 3D view of developed bioimpedance PCB 

 The developed PCB spans a measurement of 13.4 cm by 3.04 cm. It contains an 

oscillator, buffer, voltage to current converter and instrumentation amplifier. It also has 

some filters added but they were not utilized at this stage. Each stage has a connector 
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represented by the white blocks to test all the different sections and ensure correct 

functionality. 

3.4.3 Test circuit 

To assess the design, a test subject will obtain bioimpedance signal from the 

developed printed circuit board to ensure one can still obtain bioimpedance signal similar 

in morphology to what was obtained before. This was carried out by connecting the 

electrodes in the selected Wenner configuration and placed on top of the artery.  

In Figure 3.10, the data obtained from the circuit is presented. Signal processing 

was done in MATLAB to extract the desired bioimpedance signal, as well as a 6 Hz 

lowpass filter. One can observe the obtained signal from the developed printed circuit 

board a well as the 1st derivative of the signal. It can be seen that the morphology of the 

obtained bioimpedance signal is similar to the one obtained previously with the breadboard 

and with the Biopac machine. Hence, one can go ahead and continue to the next part of the 

circuit development. 
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Figure 3.10. Bioimpedance signal from PCB after computer processing, and 1st derivative  
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4. REDESIGN AND ADDITION OF SIGNAL PROCESSING TO CIRCUIT 

4.1 Approach 

After the injection section and the measurement section of the bioimpedance 

printed circuit board have been proven to function correctly and are capable of obtaining 

bioimpedance signal, one can start making and testing the third section of the 

bioimpedance circuit. The purpose of adding this section to the circuit is so that one can 

obtain the signal of interest directly as the output of the circuit rather than having to do 

signal processing of the signal in a computer. Also, addition of on-board signal processing 

allows the sampling rate to be decreased significantly from 100 kHz to ~100 Hz, which 

decreases the amount of data to be captured and increases the capability of the system to 

acquire data for longer periods of time. 

4.2 Literature search on amplitude demodulation 

After injecting a current into the tissue, physiological body processes such as the 

beating of the heart and a person’s respiration modulate the amplitude of the generated 

voltage across the tissue [36]. Because of this, it is necessary to understand thoroughly 

how amplitude modulation and demodulation works, to be able to implement it in the 

circuit. 

In modulation, there are two types of signals: a carrier signal, and an information 

signal [37]. A carrier is typically a single frequency signal which serves to, as its name 

mentions, carry another signal. The information signal will modify some aspect of the 

carrier signal. For amplitude modulation, the information signal modifies only the 

amplitude of the carrier signal and keeps its frequency intact. Generally, the amplitude and 

frequency of the carrier signal are greater than those of the information signal. In Figure 
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4.1, one can observe the representation of a carrier signal = sin(2𝜋25𝑡), an information 

signal = 0.3 cos(2𝜋2𝑡), and the resultant amplitude modulated signal: 

 

Figure 4.1. Top: Carrier Signal, Middle: Information Signal, Bottom: AM Signal, all in 

time domain 
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 It can be observed how the amplitude modulated signal still has its original 

frequency, but its amplitude varies according to the shape of the information signal. 

Looking at it from a mathematical perspective, one can represent the carrier signal and the 

information signal as follows: 

𝑐(𝑡) = 𝑎𝑐 sin(𝜔𝑐𝑡) , 𝑖(𝑡) = 𝑎𝑖 cos(𝜔𝑖𝑡) 

 Here, 𝑐(𝑡) is the carrier signal, 𝑎𝑐 is the amplitude of the carrier signal and 𝜔𝑐 is 

the frequency of the carrier signal. Then, 𝑖(𝑡) is the information signal, 𝑎𝑖 is the amplitude 

of the information signal and 𝜔𝑖 is the frequency of the information signal. 𝑎𝑖 itself can be 

represented as 𝑘𝑎𝑐. Then, one can obtain the modulated signal 𝑦(𝑡) by multiplying the 

carrier by [1 +
𝑖(𝑡)

𝑎𝑐
]: 

𝑦(𝑡) = [1 +
𝑖(𝑡)

𝑎𝑐
] 𝑐(𝑡) = [1 +

𝑎𝑖 cos(𝜔𝑖𝑡)

𝑎𝑐
] 𝑐(𝑡) = [1 + 𝑘 cos(𝜔𝑖𝑡)]𝑐(𝑡) 

𝑦(𝑡) = 𝑎𝑐 sin(𝜔𝑐𝑡) + 𝑘 cos(𝜔𝑖𝑡) 𝑎𝑐 sin(𝜔𝑐𝑡) 

Using a trigonometrical product identity, one then obtains: 

𝑦(𝑡) = 𝑎𝑐 sin(𝜔𝑐𝑡) + 0.5𝑘𝑎𝑐[sin((𝜔𝑐 + 𝜔𝑖)𝑡) + sin((𝜔𝑐 − 𝜔𝑖)𝑡)] 

It can be observed that the modulated signal, contains three frequency components, its 

original carrier frequency, one upper sideband from the addition of the carrier and 

information frequencies and a lower sideband from subtracting the information frequency 

from the carrier frequency. In Figure 4.2, one can observe the carrier, information, and 

modulated signals in the frequency domain, using the same example from above. 
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Figure 4.2. Top: Carrier Signal, Middle: Information Signal, Bottom: AM Signal, all in 

frequency domain 
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 One can observe in the carrier image, how there is a peak at the chosen frequency 

of 25 Hz, and also in the information image, there is a peak at 2 Hz. Obtaining the 

magnitude of the frequency response of the modulated signal generates the image in the 

bottom. One can observe how there are three main peaks present in the frequency 

spectrum, one at 23 Hz, one at 25 Hz, and one at 27 Hz. 

For our case, like mentioned before, the carrier signal is generated by the circuit 

being developed. The information signal, is artery pulsation information coming from the 

heart beating and also respiration information from motion. The way it works is that 

whenever the carrier signal is injected into the body on top of an artery, the artery pulsation 

will modify the amplitude of the carrier signal, generating the amplitude modulated signal. 

In the frequency spectrum, like showed in Figure 4.2, before interacting with the body, the 

carrier signal has one main peak at its frequency, ~19 kHz in our case. After being 

modulated, it will also contain on each side the frequency components related to the artery 

and respiratory processes. It is because of this reason, that an amplitude demodulation 

circuit is required, so that the signal of interest can be extracted from the high frequency 

carrier signal. 

To understand how to demodulate a signal to obtain the low frequency components of 

interest, one can first look at it from a mathematical point of view. This will be done by 

taking the previously obtained modulated signal 𝑦(𝑡), squaring it, and then simplifying it: 

𝑦(𝑡) = 𝑎𝑐 sin(𝜔𝑐𝑡) + 0.5𝑘𝑎𝑐[sin((𝜔𝑐 + 𝜔𝑖)𝑡) + sin((𝜔𝑐 − 𝜔𝑖)𝑡)] 

𝑦2(𝑡) = { 𝑎𝑐 sin(𝜔𝑐𝑡) + 0.5𝑘𝑎𝑐[sin((𝜔𝑐 + 𝜔𝑖)𝑡) + sin((𝜔𝑐 − 𝜔𝑖)𝑡)] }
2
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𝑦2(𝑡) = 𝑎𝑐
2 sin2(𝜔𝑐𝑡) + 𝑎𝑐

2𝑘 sin(𝜔𝑐𝑡) [sin(𝜔𝑐 + 𝜔𝑖)𝑡 + sin(𝜔𝑐 − 𝜔𝑖)𝑡]

+ 0.25𝑘2𝑎𝑐
2 sin2(𝜔𝑐 + 𝜔𝑖)𝑡 + 0.5𝑘2𝑎𝑐

2 sin(𝜔𝑐 + 𝜔𝑖)𝑡 ∗ sin(𝜔𝑐 − 𝜔𝑖)𝑡

+ 0.25𝑘2𝑎𝑐
2 sin2(𝜔𝑐 − 𝜔𝑖)𝑡 

sin 𝑎 sin 𝑏 = 0.5 cos(𝑎 − 𝑏) − 0.5 cos(𝑎 + 𝑏) 

𝑦2(𝑡) = 0.5𝑎𝑐
2(1 − cos 2𝜔𝑐𝑡) + 0.5𝑎𝑐

2𝑘(cos 𝜔𝑖𝑡 − cos(2𝜔𝑐𝑡 + 𝜔𝑖𝑡))

+ 0.5𝑎𝑐
2𝑘(cos 𝜔𝑖𝑡 − cos(2𝜔𝑐𝑡 − 𝜔𝑖𝑡))

+ 0.125𝑘2𝑎𝑐
2(1 − cos(2𝜔𝑐𝑡 + 2𝜔𝑖𝑡)) + 0.25𝑘2𝑎𝑐

2(cos 2𝜔𝑖𝑡 − cos 2𝜔𝑐𝑡)

+ 0.125𝑘2𝑎𝑐
2(1 − cos(2𝜔𝑐𝑡 − 2𝜔𝑖𝑡)) 

𝑦2(𝑡) = [0.5𝑎𝑐
2 + 0.25𝑘2𝑎𝑐

2] + [𝑎𝑐
2𝑘] cos 𝜔𝑖𝑡 + [0.25𝑘2𝑎𝑐

2] cos 2𝜔𝑖𝑡

− [0.125𝑘2𝑎𝑐
2] cos(2𝜔𝑐𝑡 − 2𝜔𝑖𝑡) − [0.5𝑎𝑐

2𝑘] cos(2𝜔𝑐𝑡 − 𝜔𝑖𝑡)

− [0.5𝑎𝑐
2 + 0.25𝑘2𝑎𝑐

2] cos 2𝜔𝑐𝑡 − [0.5𝑎𝑐
2𝑘] cos(2𝜔𝑐𝑡 + 𝜔𝑖𝑡)

− [0.125𝑘2𝑎𝑐
2] cos(2𝜔𝑐𝑡 + 2𝜔𝑖𝑡) 

The modulated signal itself only has three frequency components: 𝜔𝑐, 𝜔𝑐 + 𝜔𝑖, and 

𝜔𝑐 − 𝜔𝑖. The reason the signal is squared is so that one can obtain the frequency 

component of interest by itself. As observed, after squaring the modulated signal, one 

obtains eight frequency components, but most importantly, one obtains [𝑎𝑐
2𝑘] cos 𝜔𝑖𝑡 

which is the frequency of the original information signal. Hence, one can say that to 

demodulate the modulated signal, one can just square the modulated signal. In Figure 4.3, 

one can observe the magnitude frequency spectrum of the squared signal for the example 

from Figure 4.2. 
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Figure 4.3. Magnitude frequency spectrum of demodulated signal 

 One can observe how there are eight peaks at different frequencies, just as what 

was obtained previously for 𝑦2(𝑡). However, more importantly, we are able to obtain the 

original frequency signal, which for this case was 2 Hz. Hence, a circuit component is 

needed that is capable of multiplying the input signal and generating as output the 

demodulated signal. Additionally, one will require the addition of an analog lowpass filter 

to eliminate the additional higher frequencies generated during the demodulation of the 

signal. This will allow us to obtain as output from the circuit the information signal, along 

with some additional DC component. 
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4.3 Component selection and test circuit 

4.3.1 Amplitude demodulation 

For this section, one must use a demodulation circuit component which fits our 

application. That means, finding a demodulation chip which is capable of running in the 

kilohertz frequency range. For this, there are not many options available since most 

demodulation chips are made for the telecommunications industry which utilizes the GHz 

frequency band. In fact, there is only one such commercially feasible chip that can perform 

amplitude demodulation while still being appropriate for our application, which is the 

AD630. This is a high precision chip which is capable of demodulating a signal while still 

working efficiently in the kHz range of frequencies.  

4.3.2 Analog filters 

A high pass filter at 0.1 Hz will be used to eliminate unwanted low frequency 

signals coming from the output of the instrumentation amplifier. Additionally, a low pass 

filter at 10 Hz will be used to eliminate unwanted high frequencies such as high frequency 

residuals from the multiplying circuit within the demodulator. The circuit will then be 

tested to ensure that bioimpedance signal can be obtained without having to perform 

amplitude demodulation in the computer and while sampling at a low frequency such as 

250 Hz or lower. If this is successful, one can go ahead and start developing the printed 

circuit board. 

4.3.3 Test circuit 

In Figure 4.4 one can observe the signal obtained after testing the addition of the 

AD630 demodulator and the mentioned filters. There was an additional lowpass filter to 

process the signal in MATLAB at 3.5 Hz. It can be seen that the signal has the same 
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morphology as what is expected for bioimpedance, hence, one can go ahead and build the 

printed circuit board with the newly added components. 

 

Figure 4.4. Bioimpedance signal obtained with modified breadboard circuit 

 

4.4 Develop schematic, printed circuit board and test circuit 

4.4.1 Develop schematic 

After it is determined that the previous circuit, now with the addition of the signal 

processing and demodulation components, is working as expected, the new printed circuit 

board will be developed. For this, the added filters, as well as the demodulation chip, will 

be added to the previous Altium schematic. The OPA277 amplifier was replaced by the 

OPA4191 since it is smaller in size and it has four operational amplifiers in one. 

Additionally, the INA828 was replaced by the AD8222 instrumentational amplifier since 
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its size is smaller. One can observe Tables 4.1 and 4.2 that the electrical characteristics of 

the new components are similar to the previously selected components [38, 39].  

Table 4.1: Electrical characteristics for OPA4191 

Parameter Typical Value Unit 

Input Voltage Noise Density 12 nV/√Hz 

Common Mode Rejection 60 dB 

Open loop gain 50 dB 

 

Table 4.2: Electrical characteristics for AD8222 

Parameter Typical Value (for G = 10) Unit 

Input Voltage Noise Density 16 nV/√Hz 

Common Mode Rejection 90 dB 

 

The new schematic file will then be made by adding the new components and 

connecting them to the rest of the circuit components. In Figure 4.5, one can observe the 

developed schematic with the new components. 
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(a) 

(b) 



 

36 

 

 

 

(c) 

Figure 4.5 Schematic diagram of circuit with processing components added: (a) Oscillator, 

Buffer, and Voltage to Current converter circuit (b) measurement circuit (c) Demodulator 

and analog filters 

4.4.2 Develop printed circuit board 

Now that the circuit schematic has been developed, one can go ahead and start 

developing the printed circuit board. Again, all the components are arranged in a functional 

way, while still saving space. Then, all the components are wired as described in the 

schematic that was just developed. In Figure 4.6, one can observe the 3D view of the 

printed circuit board developed. 
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Figure 4.6. 3D view of final developed bioimpedance PCB 

The developed PCB spans a measurement of 6.2 cm by 3.6 cm. It contains an 

injection section, a measurement section, and a signal processing section. The system 

needs ±5𝑉 to power the circuit. To run the system using 9V batteries, power regulator 

components were added to step the voltage down appropriately. Additionally, a mechanical 

switch was added to turn the circuit on and off as needed. The white connectors are used 

for powering the circuit and the green connectors are for input and output connectivity. 

The circuit was then printed and the components were soldered for testing the system. 

4.4.3 Test circuit  

Once the new PCB arrived, it was tested to obtain bioimpedance signal and ensure 

that the morphology is similar to what has been obtained before. In Figure 4.7, a flow chart 

of the full system can be observed to better visualize how the data collection process will 
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work for the full system and in Figure 4.8, the data collected from the final PCB can be 

observed. 

 

Figure 4.7. Flow chart for bioimpedance circuit data acquisition 

 

Figure 4.8. Bioimpedance signal collected from final PCB 

 Now that bioimpedance signal can be collected with the final PCB, one needs to 

calibrate the measurements so we can see real impedance values. The scale in Figure 4.8 is 

modified because of all the digital and analog gains and filtering. To calibrate the system, 

measurements were taken with the PCB for different resistor values as observed in Figure 

4.9. 
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Figure 4.9. System Callibration Setup 

 As observed in Figure 4.9, to calibrate the system, three resistors were needed, two 

resistors that simulate the tissue electrode impedance and one resistor whose value will 

change. Typical tissue-electrode impedance values for wet electrodes are around  the low 

kΩ range, so 3.9 𝑘Ω resistors were chosen [40]. The current generated by the circuit is 

injected at the bottom into each resistor. Then, the voltage measurement component of the 

circuit will measure the voltage differential generated across RTest. For each value of 

RTest, data was collected for a minute and the voltage value obtained was averaged over 

that minute. This was done for four resistance values: 15 Ω, 68 Ω, 100 Ω, and 150 Ω. In 

Figure 4.10, one can observe the plot generated of the voltage obtained by the circuit as a 

function of the input resistance. 
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Figure 4.10. PCB Calibration Curve 

 The relationship obtained between the input resistance value and the output 

measured voltage is linear and highly correlated. The functional relation is obtained as  

𝑦 =  −0.0201𝑥 − 0.0114 where x is the resistance value and y is the measured voltage. 

For our purposes, the conversion desired is from measured voltage to resistance value, so 

the inverse function is required, that is: 𝑥 =
𝑦+0.0114

−0.0201
. Now that the system works properly 

and the system is calibrated to obtain resistance values, one can go ahead and compare the 

finished system to a gold standard. 
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5. COMPARISON OF DEVELOPED CIRCUIT VERSUS GOLD STANDARD 

5.1 Approach 

Once that the PCB with all three circuit sections is working properly and that the 

system has been calibrated, the next step is to compare the developed circuit to a 

commercial device. The test will consist of a person wearing three devices simultaneously 

to obtain physiological signals from all devices. Then, after signals are obtained from the 

three devices, heart rate and respiration rate will be calculated for each of them. Finally, 

one will conclude whether the obtained values from the developed PCB are close to the 

ones obtained from the other two devices. The full process for data collection and 

processing is graphically explained in Figure 5.1. The bandpass filter is 0.5 – 6.5 Hz. 

 

Figure 5.1. Data collection and processing process 

5.2 Data collection with developed PCB and commercial device simultaneously 

Before starting to collect data, one needs to determine the best location to place the 

electrodes.  This is done by utilizing electrode gel and a handheld ultrasound monitor 
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(Sonotrax Vascular Doppler) and placing it on different places around the inner side of the 

upper arm. The brachial artery is located in between the biceps brachii and the triceps 

brachii so that is a good place to start looking. Once the locations are found, they will be 

marked using surgical-grade skin-safe markers from Viscot (™) and then the electrodes 

can be placed on the subject’s skin. The developed bioimpedance circuit collected data 

from the left arm as observed in Figure 5.2. The research grade bioimpedance machine 

collected data from the right arm as observed in Figure 5.3. 

 

Figure 5.2. Electrode location in right upper arm 
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Figure 5.3. Electrode location in left upper arm 

At the same time, under the shirt, the subject is wearing a Zephyr BioHarness 

device which can capture ECG, heart rate and respiration rate. For data collection, the 

person will be sitting, and an armband will be placed around the upper arm as observed in 

Figure 5.4 so the electrodes can be as close as possible to the brachial artery. In Figure 5.5, 

one can observe the printed circuit board being powered with 9V batteries for data 

collection. 
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Figure 5.4. Example of subject setup for data collection 

 

Figure 5.5. Printed circuit board setup for data collection 

Data was collected from all three sensors simultaneously in five situations: 

sedentary, sedentary with paced respiration, typing, typing with paced respiration, and 

sedentary, one minute each. Of the described process, two trials were collected for each 

subject, having three subjects in total. For the paced breathing situations, a phone app was 

used so the subject would follow and maintain 10 respirations per minute. Once data was 

collected from the devices, data processing and analysis of it was performed. 
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5.3 Perform signal processing and compare systems 

After signal was collected from all sensors in the mentioned manner, they were 

further processed in the computer with a 0.5 – 6.5 bandpass filter to remove any residual 

high and/or low frequency noise. Data collected from one trial is shown in Figure 5.6 to 

show an example of how it looks like. Also, a closeup after removing the baseline is shown 

in Figure 5.7 to appreciate the bioimpedance signal itself: 

 

Figure 5.6. Data collection from developed bioimpedance system for one trial 
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Figure 5.7. Closeup of collected bioimpedance signal after removing baseline 

On Figure 5.8, one can observe the electrocardiography data obtained from the 

Zephyr device and in Figure 5.9 a closeup of the obtained data. Heart rate was calculated in 

the same way for both systems so that they can be compared in a fair manner. 

Additionally, in Figure 5.10 one can observe bioimpedance signal from the Biopac device 

as well as a closeup of the signal in Figure 5.11. Finally, depending on the results obtained, 

one will determine the feasibility of the developed bioimpedance sensing circuit for 

obtaining vital signs. 
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Figure 5.8. Electrocardiography signal obtained from Zephyr device  

 

Figure 5.9. Closeup of collected electrocardiography signal from Zephyr device  
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Figure 5.10. Data collection from Biopac system for one trial 
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Figure 5.11. Closeup of collected Biopac bioimpedance signal after removing baseline 

In Tables 5.1 – 5.6, one can observe the comparison of the heart rate and respiration 

rate values obtained for each test subject for the different conditions tested. The heart rate 

and respiration rate values were obtained using functions from a Python library called 

NeuroKit2 which is specialized for physiological signal processing [41]. 
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Table 5.1: Heart Rate Results for Subject 1  

Subject 1 PCB Heart Rate 

(bpm) 

Zephyr Heart Rate 

(bpm) 

Biopac Heart Rate 

(bpm) 

Sedentary T1 78.6 ± 1.2 76.5 ± 3.6 76.5 ± 5.2 

Sedentary Respiration T1 72.8 ± 2.1 73.4 ± 4.5 72.7 ± 8.4 

Typing T1 101.3 ± 32.1 79.3 ± 6.1 76.2 ± 24.8 

Typing Respiration T1 93.8 ± 30.4 83.0 ± 4.7 81.1 ± 21.0 

Sedentary T1 78.4 ± 2.7 77.3 ± 5.1 78.0 ± 11.2 

Sedentary T2 71.8 ± 0.5 69.5 ± 3.4 69.6 ± 4.6 

Sedentary Respiration T2 72.8 ± 6.1 73.3 ± 4.1 74.0 ± 7.4 

Typing T2 94.7 ± 29.5 77.9 ± 5.6 76.8 ± 23.4 

Typing Respiration T2 90.4 ± 22.1 84.7 ± 3.7 78.9 ± 24.5 

Sedentary T2 74.2 ± 6.6 76.0 ± 8.6 74.1 ± 7.4 
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Table 5.2: Respiration Rate Results for Subject 1  

Subject 1 PCB Respiration 

Rate (bpm) 

Zephyr Respiration 

Rate (bpm) 

Biopac Respiration 

Rate (bpm) 

Sedentary T1 𝑁𝐴 16.6 ± 0.5 13.9 ± 6.7 

Sedentary Respiration T1 11.7 ± 0.3 14.9 ± 2.3 10.3 ± 2.3 

Typing T1 6.5 ± 3.7 9.7 ± 0.8 18.8 ± 6.6 

Typing Respiration T1 10.8 ± 2.8 10.9 ± 0.8 17.1 ± 7.9 

Sedentary T1 𝑁𝐴 9.4 ± 0.8 4.5 ± 0.9 

Sedentary T2 10.4 ± 3.8 15.0 ± 0.9 11.7 ± 3.2 

Sedentary Respiration T2 10.4 ± 3.2 14.4 ± 2.3 9.5 ± 0.9 

Typing T2 14.0 ± 4.2 10.1 ± 0.9 19.9 ± 11.7 

Typing Respiration T2 10.4 ± 3.9 8.3 ± 0.6 23.7 ± 9.3 

Sedentary T2 8.9 ± 4.6 9.3 ± 0.7 8.2 ± 1.7 
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Table 5.3: Heart Rate Results for Subject 2  

Subject 2 PCB Heart Rate 

(bpm) 

Zephyr Heart Rate 

(bpm) 

Biopac Heart Rate 

(bpm) 

Sedentary T1 71.5 ± 3.8 71.2 ± 4.1 70.1 ± 1.7 

Sedentary Respiration T1 67.8 ± 1.6 67.7 ± 3.8 70.1 ± 1.4 

Typing T1 𝑁𝐴 69.3 ± 2.6 19.0 ± 19.5 

Typing Respiration T1 80.0 ± 31.7 70.3 ± 3.7 34.4 ± 25.7 

Sedentary T1 66.2 ± 2.8 68.3 ± 4.7 64.5 ± 1.5 

Sedentary T2 67.5 ± 8.4 67.6 ± 3.8 68.2 ± 1.4 

Sedentary Respiration T2 67.5 ± 4.0 66.5 ± 3.3 69.3 ± 4.7 

Typing T2 92.1 ± 32.5 70.3 ± 2.6 19.0 ± 8.7 

Typing Respiration T2 104.5 ± 33.9 72.3 ± 3.5 28.0 ± 21.0 

Sedentary T2 72.6 ± 2.7 66.7 ± 4.0 59.4 ± 0.8 
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Table 5.4: Respiration Rate Results for Subject 2  

Subject 2 PCB Respiration 

Rate (bpm) 

Zephyr Respiration 

Rate (bpm) 

Biopac Respiration 

Rate (bpm) 

Sedentary T1 8.1 ± 0.2 10.5 ± 0.5 9.0 ± 1.5 

Sedentary Respiration T1 10.1 ± 0.3 9.2 ± 0.4 10.0 ± 0.4 

Typing T1 𝑁𝐴 13.9 ± 2.9 16.5 ± 6.9 

Typing Respiration T1 9.3 ± 1.6 13.8 ± 1.9 9.8 ± 0.8 

Sedentary T1 6.6 ± 0.1 10.1 ± 0.7 7.2 ± 0.9 

Sedentary T2 8.2 ± 0.9 9.9 ± 1.0 8.3 ± 1.2 

Sedentary Respiration T2 7.3 ± 0.8 9.1 ± 0.6 10.0 ± 0.2 

Typing T2 𝑁𝐴 11.5 ± 1.3 14.3 ± 1.6 

Typing Respiration T2 8.8 ± 4.6 13.2 ± 0.8 11.0 ± 2.1 

Sedentary T2 𝑁𝐴 8.3 ± 0.5 9.6 ± 1.5 
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Table 5.5: Heart Rate Results for Subject 3  

Subject 3 PCB Heart Rate 

(bpm) 

Zephyr Heart Rate 

(bpm) 

Biopac Heart Rate 

(bpm) 

Sedentary T1 68.5 ± 4.8 71.4 ± 3.1 73.2 ± 14.7 

Sedentary Respiration T1 68.9 ± 3.2 79.0 ± 5.2 72.4 ± 20.3 

Typing T1 81.7 ± 20.4 75.4 ± 3.9 98.1 ± 35.1 

Typing Respiration T1 84.9 ± 21.6 77.9 ± 3.0 98.3 ± 29.1 

Sedentary T1 74.3 ± 4.7 80.2 ± 4.4 74.8 ± 10.4 

Sedentary T2 71.8 ± 3.2 69.7 ± 2.8 70.7 ± 10.8 

Sedentary Respiration T2 72.2 ± 2.8 78.7 ± 4.8 76.8 ± 12.8 

Typing T2 76.4 ± 22.8 74.8 ± 4.2 105.2 ± 32.9 

Typing Respiration T2 91.0 ± 31.9 78.6 ± 3.4 94.4 ± 32.5 

Sedentary T2 74.3 ± 3.1 73.9 ± 4.1 72.3 ± 5.7 
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Table 5.6: Respiration Rate Results for Subject 3  

Subject 3 PCB Respiration 

Rate (bpm) 

Zephyr Respiration 

Rate (bpm) 

Biopac Respiration 

Rate (bpm) 

Sedentary T1 16.6 ± 1.3 16.3 ± 0.5 14.5 ± 4.8 

Sedentary Respiration T1 10.0 ± 0.3 12.5 ± 2.7 11.0 ± 6.7 

Typing T1 14.3 ± 5.6 11.8 ± 1.4 9.7 ± 4.6 

Typing Respiration T1 10.1 ± 0.3 8.3 ± 1.3 10.7 ± 3.3 

Sedentary T1 13.2 ± 7.2 8.5 ± 1.0 12.1 ± 7.0 

Sedentary T2 14.1 ± 6.6 18.3 ± 1.3 15.9 ± 4.3 

Sedentary Respiration T2 8.8 ± 1.8 15.4 ± 3.1 8.8 ± 2.0 

Typing T2 6.2 ± 2.4 9.8 ± 0.9 11.6 ± 6.9 

Typing Respiration T2 9.7 ± 1.0 11.8 ± 1.9 13.6 ± 4.5 

Sedentary T2 8.4 ± 5.4 9.4 ± 1.2 6.4 ± 2.3 

 

Looking at the sedentary position and comparing between devices and subjects, one 

can obtain heart rate values where the means generally fall within one standard deviation 

of each other. The respiration rate is also similar between systems but less consistent since 

sometimes you do not obtain a respiration signal from the subject.  

For the sedentary position with paced respiration, the heart rate values are also 

comparable between the three systems. However, now for the respiration rate, one can 

observe that it is more consistent between systems, and at least for the developed PCB, 

10 ± 1 bpm always falls in the value obtained from the NeuroKit2 algorithm. 
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For the typing situation, one cannot obtain heart rate with the developed PCB or 

with the Biopac bioimpedance machine. The only one that can obtain heart rate is the 

Zephyr, since it is ECG based, and it is less sensitive to micromotions such as typing. For 

the respiration rate again, the only consistent device is the Zephyr. The values obtained for 

the PCB and Biopac have either large standard deviations or sometimes missing values. 

For typing with paced breathing, similar to the previous situation, one cannot 

obtain heart rate with either device except for the Zephyr. However, now one can actually 

obtain respiration rates close to 10 bpm for both the developed PCB and the Biopac, 

besides the Zephyr. 

Finally, for the fifth situation which was sedentary again. This was mostly done just 

to observe how the system will go back to measuring heart rate and respiration rate after 

experiencing motion from typing. As observed in the values obtained, the results seem to 

follow that of the first sedentary position. 

 In Table 5.2, it can be observed that the respiration rate could not be 

obtained from the PCB for one trial. This greatly depends on the subject and the 

measurement situation. Sometimes a subject’s arm is more stable and there is simply no 

arm motion to be captured. In general, the electrode location is highly sensitive for being 

able to obtain bioimpedance signal. If it is even a few centimeters off, the quality of signal 

obtained will be really low or even more, no signal will be obtained. Nonetheless, most of 

the data obtained, as mentioned, shows that the developed bioimpedance circuit is capable 

of obtaining both heart rate and respiration rate from the upper arm using bioimpedance. 
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6. SUMMARY 

 As it has been stated, there is a gap in the availability of wearable devices and sensors 

which are capable of measuring physiological values for different underrepresented 

populations. Because of that, the purpose of this research was to develop a system that 

utilizes bioimpedance techniques instead of light-based techniques. This system was made 

with the intention of obtaining important physiological values such as heart rate and 

respiration rate. 

 Looking at the values obtained and comparing between the developed PCB and the 

gold standard, it can be said that the system is successful in obtaining heart rate and 

respiration rate, which was the goal of the circuit. At times, respiration signal was not present 

in the PCB’s signal, whereas in the Zephyr device it was present. It can be said that since the 

Zephyr uses a band wrapped around the lower chest area, it is easier to obtain respiration 

signal most of the times. However, the developed PCB system is better in terms of burden 

of use, since only an armband is needed, instead of a band that goes around your chest. 

Another issue one might notice is the sensitivity of the electrode location to obtain 

bioimpedance signal. In terms of the size, the developed circuit for testing had a small form 

factor which made it manageable to debug and test.  

Some aspects of development of the circuit could be continued in future work. First, 

to solve the issue of finding an ideal electrode location, one can add a sensor, either analog 

or digital, that alerts the user when signal is not being collected. Then, it would allow him 

or her to readjust the armband until bioimpedance signal is being obtained correctly. 

Secondly, even though the developed circuit has a small form factor already, it can be made 

even smaller. Since the system uses basic components, they can be replaced by the use of 
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transistors. This would then make the circuit incredibly small which would allow it to be an 

ideal size for a wearable. Addition of these two solutions to the system will make it more 

robust, hopefully enabling it to be a feasible device for use in people who need to monitor 

their health. 
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APPENDIX A 

BIOIMPEDANCE DATA COLLECTED FOR SUBJECT TWO USED FOR OBTAINING 

PHYSIOLOGICAL VALUES 

 

Figure A1. 60 seconds of bioimpedance signal collected  
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Figure A2. Respiration signal obtained from bioimpedance signal 
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Figure A3. Bioimpedance signal and first derivative without low frequency components 
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Figure A4. Bioimpedance signal and first derivative without low frequency components closeup 

  



 

70 

 

 

 

 

Figure A5. Peak detection for heart rate calculation 
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Figure A6. Peak detection for respiration rate calculation 

 

 

 

 


