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Abstract 

Ultra-Wide Band (UWB) technology has proven to be a reliable option for contact-

less detection of the vital signs: breathing rate and heartbeat rate. Both vital signs are 

considered important in prehospital diagnosis since they can provide critical 

information needed to make life-saving decisions. Currently, a compact UWB system 

for medical diagnostics has been developed by a Chalmers team. The aim of the 

research project is to use this compact system as a mobile equipment in e.g. 

ambulances, where prehospital diagnosis of medical conditions, such as stroke, can be 

carried out. 

The aim of this project is to investigate if this developed system has the potential to 

detect the vital signs. In order to detect the movement, a new data recording strategy 

with a higher speed was proposed and implemented. Simulations were carried out to 

verify the effectiveness of the signal processing methods as well as determining the 

essential parameters for measurement settings. Furthermore, measurements were 

carried out to verify the potential of the measurement system. 

Two signal processing methods were used to extract the frequency of the chest 

displacement. Of the two methods, one turned out to struggle with detection of the 

heartbeat rate. Tiny chest displacements were not detectable with the settings applied 

to the receiver. However, the other method could successfully detect breathing rate in 

90% of the collected measurements, and in some cases, detect the heartbeat rate 

repeatedly. The results have shown that the investigated microwave system has the 

potential to detect the vital signs. 
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Abbreviations 

ADC  Analog-to-Digital Converter 

AWG  Arbitrary Waveform Generator 

CW  Continuous Wave 

ECG  Electrocardiogram 

FPGA  Field-Programmable Gate Array 

GUI  Graphical User Interface 

LNA  Low Noise Amplifier 

PA  Power Amplifier 

PLL  Phase Locked Loop 

PN  Pseudo-random Noise 

PPG  Photopethysmogram 

PRBS  Pseudo Random Binary Sequence 

RF  Radio Frequency 

TOF  Time of Flight 

T&H  Track and Hold 

UWB  Ultra-Wideband 

VAT  Variable Attenuator 
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1. Introduction 

Yearly, almost 800 000 people have a stroke in USA from which 140 000 people die. 

It creates a substantial economic burden to the society, with an estimated cost of  

$34 billion each year. Early action is crucial for an effective treatment since every 

minute counts when stroke happens [1].  

Prehospital diagnosis of stroke patients is necessary for early treatment. Microwave 

based solutions have become strong candidate for prehospital diagnosis applications, 

and for stroke detection microwaves have proven to be effective. However, there is a 

lack of commercial solutions for prehospital stroke detection. The reason is that 

research on biomedical microwave imaging has focused mainly on algorithm 

development and antenna design, while most of the investigated systems consist of lab 

instruments. The lab instruments are expensive, inconvenient and impractical. 

Researchers at Chalmers University of Technology are currently developing a 

microwave-based diagnostic system. The intention is to use the system for medical 

diagnosis in ambulances so that the medical personnel can get additional support for 

triage decision or even initiating some treatment. Besides from stroke diagnosis, the 

system could be used for detecting different trauma injuries, for instance the chest wall 

injury [2]. 

During prehospital diagnosis, the measurement and monitoring of vital sign such as 

heart rate and breathing rate are also important [3]. They can provide critical 

information needed to make life-saving decisions.  

Nowadays, the most conventional ways to monitor heartbeat rate is either by 

measuring the electrical activity of the heart, known as electrocardiography (ECG), or 

by observing the change in blood flow using light, known as photoplethysmography 

(PPG) [4] [5]. ECG is perhaps the most recognizable method where two or three 

electrodes are attached to a patient’s torso and the measured signal is displayed as a 

repeating appearance of the QRS-complex.  

On the other hand, breathing rate can be measured by using sensors such as optical 

sensors that detect the variation in humidity between exhaled and inhaled air [6]. But 

the conventional methods to measure the vital signs have some drawbacks. For 

instance, the electrodes for ECG that are attached to the patient’s skin are not 

convenient nor adequate for long term monitoring. Additionally, the cabling between 

the ECG and the electrodes limits the comfort and mobility of the patient [7]. As a 

consequence of the drawbacks contactless methods have been studied and developed 

to get around these kinds of limitations, such as camera-based systems for breathing 

rate or laser-based monitoring systems for heartbeat rate [7] [8]. 

One of the potential technologies for contactless vital sign monitoring is 

microwaves. The microwave method is safe, comfortable and easy to use. Its main 

advantage over laser-based methods is that microwaves can perform monitoring 

through layers of different materials (tissues, clothes, wall, etc.). Moreover, as the 

rapid development of microwave integrated circuit technology, the size and cost of 

microwave electronics have been dramatically reduced, which makes microwave 

sensors very attractive for long-term health monitoring. 

Several studies on using microwaves for vital sign monitoring have been carried 

out. The systems use either continuous waves (CW) [9] or short microwave pulses 

[10]. The CW method is based on transmission of a Radio Frequency (RF) single-tone 

continuous wave signal. The wave is reflected by a target and subsequently acquired 

by the receiving antenna. The received signal carries information containing physical 

movements of the measured subject in its phase [9]. Generally, the UWB method 
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differs in such way that the transmitted signal consists of cyclically transmitted pulse. 

When the pulses are reflected from the target, the movement of the measured target is 

determined by the difference in time-of-flight (TOF) of each pulse [10]. 

In the project, we will investigate a different type of UWB system for vital sign 

monitoring. This system uses pseudo random binary sequence (PRBS) as the 

transmitted signal and it was primarily developed for the diagnostics of stroke and 

trauma by the Chalmers research group. 

A fast data recording strategy was proposed and implemented in order to resolve 

the vital signs. The system transmits a UWB signal towards the subject and from which 

the signal is reflected. The received signal is then processed in order to extract the 

desired information, such as the heartbeat rate and breathing rate. 

Section 2 of the thesis describes the basic movement properties of a human chest 

that are caused by breathing and heart beats. It is also described how the path of a 

reflected signal changes due to chest motion.  

In section 3, the hardware of the microwave system is described. The properties of 

the transmitted signal are described, and the sampling of the received signal is 

explained. 

Section 4 describes the signal processing methods used to detect the vital signs, 

whereas section 5 describes the performed measurements and presents the results.  

Finally, the discussion and conclusion are in section 6 and section 7. 

  



 

 

   

4 

 

2. Background and Theory 

Microwave technology has been explored in different application areas [11]. It has 

been successfully used to detect the vital sign of a subject, even at a distance of several 

meters with the body wearing clothes. A typical vital sign detection scenario using 

microwaves is illustrated in Figure 1. Two antennas (the transmitting and the 

receiving) are placed at a certain distance to the body under investigation. A 

microwave signal transmitted to the body will be reflected back and acquired by the 

receiving antenna. The phase of the body-reflected signal is modulated by the chest 

wall displacement due to the breathing and heartbeat. Therefore, by extracting the 

phase variation of the reflected signal, the breathing rate and heartbeat rate can be 

estimated. 

 

 

2.1. Chest displacement 

Heart beats and breathing contribute to the movement of the chest. The vital signs are 

distinguishable thanks to the difference in their characteristics. A simple mathematical 

model of the combined vital signs (𝑣𝑠) was developed to easily obtain and understand 

the frequency spectrum of the detected vital signs [10]: 

𝑣𝑠(𝑡) = 𝑚𝑏 𝑠𝑖𝑛(2𝜋𝑓𝑏𝑟𝑡) + 𝑚ℎ 𝑠𝑖𝑛(2𝜋𝑓ℎ𝑏𝑟𝑡)      (1) 

Where the variables mean: 

𝑚𝑏     = 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑜𝑟𝑦 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 
𝑚ℎ     = 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 ℎ𝑒𝑎𝑟𝑡𝑏𝑒𝑎𝑡 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 
𝑓𝑏𝑟     = 𝐵𝑟𝑒𝑎𝑡ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 
𝑓ℎ𝑏𝑟   = 𝐻𝑒𝑎𝑟𝑡𝑏𝑒𝑎𝑡 𝑟𝑎𝑡𝑒 

An estimation of frequency intervals for both 𝑓𝑏𝑟  and 𝑓ℎ𝑏𝑟  has been made 

considering scenarios of normal persons [12]: 

𝑓𝑏𝑟 : 0.1 𝑡𝑜 0.7 𝐻𝑧 (6 𝑡𝑜 42 𝑏𝑟𝑒𝑎𝑡ℎ𝑠/𝑚𝑖𝑛) 
𝑓ℎ𝑏𝑟 : 0.9 𝑡𝑜 3 𝐻𝑧 (54 𝑡𝑜 180 𝑏𝑒𝑎𝑡𝑠/𝑚𝑖𝑛) 

Moreover, the amplitudes of the two vital signs differs significantly where 𝑚𝑏 is an 

arbitrary value in the millimeter range whereas 𝑚ℎ is an amplitude on the order of 

0.01mm [13]. 
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2.2. Phase-shifted signal due to chest motion 

In microwave-based vital sign detection methods, transmitted signal is directed 

towards the patient [10] [13]. Figure 1 illustrates how the transmitted signal propagates 

from one antenna (TX) towards the patient, reflects off the chest of the patient and 

propagates back and is captured by the receiving antenna (RX). 

 

Figure 1. Illustration shows a transmitter antenna (TX) and receiver antenna (RX) to the left, and a human 
body, also referred to as “subject” in the thesis, to the right. “d” is the distance between the antennas and the 

subject. 

The distance, d, between the system and the subject varies continuously due to chest 

motion, in this case caused by the vital signs. If the distance to the subject is static, 

which means that the chest is not moving, signals that are transmitted towards the chest 

will have the same time of flight (TOF). The TOF will change if d changes. The change 

of distance, Δ𝑑, can be determined from the following equation: 

𝑡(𝑖) = 𝑡𝑖𝑚𝑒 𝑖𝑛𝑠𝑡𝑎𝑛𝑐𝑒 𝑎𝑡 𝑤ℎ𝑖𝑐ℎ 𝑡ℎ𝑒 𝑣𝑖𝑡𝑎𝑙 𝑠𝑖𝑔𝑛 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑤𝑎𝑠 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

Δ𝑑(𝑡(𝑖)) = 𝑣𝑠(𝑡(𝑖)) − 𝑣𝑠(𝑡(𝑖 − 1))    (2) 

where 𝑣𝑠(𝑡(𝑖)) is the chest-displacement caused by the vital signs at the time instance 

t(i). Assuming that the transmitted signal propagates with the speed of light, c, 𝜏𝑑(𝑡(𝑖)) 

describes the difference of time that it took for the latest signal to propagate towards 

the chest and back: 

τd(𝑡(𝑖)) = 2 ∙
Δ𝑑(𝑡(𝑖))

𝑐
                           (3) 
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3. Measurement system 

The measurement system shown in Figure 2 is designed for medical imaging, 

specifically a microwave tomography system. The system transmits UWB signals as 

PN-sequence in the frequency range of 500 MHz – 3 GHz. The bandwidth has been 

chosen considering several practical issues and using a trade-off between spatial 

resolution and penetration depth of human tissue. Human tissue is highly lossy and the 

loss increases with high frequency. However, high frequency gives better image 

resolution [2].  

The transmitter and receiver are hardware synchronized, where both subsystems are 

indirectly controlled by the same reference clock, fb, of the PN-sequence generator.  

Figure 2 shows that the receiver’s ADC and T/H are controlled by a frequency ff, which 

is synthesized from fb in the clock generation system. This is described in section 3.1.4  

[14]. Considering that the subsystems are synchronous, and that the PN-sequence is 

repeatedly transmitted, an equivalent time-sampling method has been employed to 

obtain a suitable effective sampling rate. This sampling method reconstructs one signal 

from samples taken on consecutive cycles of the measured signal. Each sample is 

sequentially delayed from the previous sample, meaning that the receivers true 

sampling rate is slightly lower than the repetition rate of the transmitted signal [2]. The 

receiver’s FPGA collects several reconstructed signals into a data set that is finally 

transmitted to a PC for processing in order to extract the frequencies of the vital signs. 

 

3.1. Hardware components 

The system is mostly the same as used in [14], however without the switching matrix 

that is mentioned in the paper, as shown in Figure 2.  

 

 
Figure 2. Block diagram of the measurement system hardware. Dashed arrow lines going to the clock 

generation system represent the reference clock of the clock generation system fb, (1), and the dashed arrows 

going out of the clock generation system represent the sampling clocks ff, (2) and (3). The Field Programmable 

Gate Array (FPGA) is the data acquisition device that is controlled by the PC and transfers data to the PC for 
latter signal processing. 
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Table 1 shows a specific list of components used in the system presented in Figure 2. 

The list includes the: PN-sequence generator, variable attenuator (VAT), power 

amplifier (PA), low noise amplifier (LNA), track and hold (T/H), analog-to-digital 

converted (ADC), a Field-Programmable Gate Array (FPGA) and antennas. The clock-

generation system consists of a phase locked loop (PLL) and a clock distributor, 

described more in [14]. 

 
Table 1. Components/equipment of which the system consists of. [14] [15] 

Components/Instruments BW, GHz 
Gain or sampling 

rate 

VAT (8495B) DC-18 0 - (-70) dB 

PA (ZHL-42W) 0.01 - 4.2 30 dB 

LNA (HMC639ST89E) 0.2 - 4.0 13 dB 

T&H (HMC760LC4B) DC - 5 4 Gsa/s (Max) 

ADC (ADS41B29) DC - 0.6 250 Msa/s (Max) 

PLL (ADF4351) 0.035 - 4.4  
Clock distributor (AD9508) DC - 1.65  
Antennas (non-commercial) 1.5 - 2  
FPGA (ML605)     

PN-sequence generator (ASNTPRBS20)   

 

 

3.1.1. Antennas 

The non-commercial antennas used in this project were designed to be used in 

microwave hyperthermia, where the system is designed for a broad frequency  

range [16]. Bandwidth of the antennas range from approximately 1.5GHz - 2 GHz 

where the antennas radiate the best at ~1.8GHz [17]. These antennas were used 

because of two reasons. The first reason is the good directivity of the antennas, 

meaning that most of the signal power is transmitted in one direction. Secondly, the 

antennas are small and their surface is flat making it simple to ensure good contact 

with the body. 

Ideally, the bandwidth of the antennas covers the frequency band of the generated 

signal. If it is not the case, the power of the transmitted signal might be strongly 

attenuated. As a consequence of that, the signal-to-noise ratio (SNR) will become 

worse. The properties of the generated signals are described in section 3.2. There it is 

evident that the antennas bandwidth does not cover the complete frequency band of 

the PN-sequence. However, the bandwidth of the antennas is not a key issue in 

microwave-based vital sign detection as the SNR can be improved by amplifying the 

generated signal before the transmitting antenna. 

 

3.1.2. Transmitter 

The PN-sequence generator produces the desired signal. To control and tune the level 

of output power, the VAT and PA are placed in between the PN-sequence generator 

and the transmitter antenna [14]. 
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3.1.3. Receiver 

After the signal has reached the receiving antenna, the signal goes through a LNA. To 

sample the UWB-signal, the ADC must cooperate with a T/H because commercially 

available ADCs bandwidth are not adequate for the signal of interest. In the end of the 

chain, a FPGA is used to store the samples acquired by the  

ADC [14]. 

 

3.1.4. Clock generation system 

The clock generation system consists of a fractional PLL and a clock distributor. The 

purpose of using the PLL is to synthesize a frequency 𝑓𝑓  from the reference clock, with 

frequency 𝑓𝑏 , generated by the PN-sequence generator. The clock distributor divides 

the clock-signal, 𝑓𝑏 , and introduces an arbitrary phase-shift between both output clock-

signals, 𝑓𝑓 . This means that both the ADC and T/H are triggered with the clock 

frequency 𝑓𝑓 , but with different phases [14]. 

 

3.1.5. Personal Computer 

The data is transferred from the measurement hardware through USB-interface to a 

personal computer (PC). The PC is used to store measurements and process the data. 

The operating system running on the PC is Windows® 7. 
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3.2. Transmitted signal: Pseudo random noise sequences 

The system presented in Figure 2 is used for detection of vital signs. This includes the 

signals generated by the system transmitter. A pseudo-random binary sequence 

generator generates PN-sequences instead of conventional pulse-trains. It has been 

claimed that the PN sequence is more effective than pulsed system due to higher 

average power. Higher average power of the signal results in a higher SNR [14]. 

The PN-sequence generated by the PN-sequence generator is a so-called  

M-sequence: maximal-length pseudo-random binary sequence. Figure 3 visualizes a 

binary PN-sequence; it is a sequence of random bits where the binary values 

correspond to a voltage level. The PN-sequence in Figure 3 was recorded when the 

output of the transmitter was directly connected to the input of the receiver with a 

cable. The bit-sequence is generated with a shift-register within 2𝑚 − 1 clock cycles 

where 𝑚 is the length of the shift-register and the clock has a frequency 𝑓𝑏  [15]. The 

repetition rate of the PN-sequence is therefore: 

𝑓𝑟 =
𝑓𝑏

2𝑚 − 1
   (4) 

 

 
Figure 3: Plot of a single period of an m=7 M-sequence with a clock rate 𝑓𝑏 = 6𝐺𝐻𝑧. 

 

However, when the PN-sequence is transmitted between the antennas, many frequency 

components of the PN-sequence are suppressed. This is caused by the bandwidth of 

the antennas. Compared to the bandwidth of the antennas (section 3.1.1), the 

bandwidth of the UWB signal generated by the system stretches from a couple of 

hundred Megahertz up to 3 GHz [15]. It results in a recorded signal presented in Figure 

4. Note that the time axis of a single waveform is referred to as fast-time. 

 

Figure 4. Signal acquired by the receiver of the measurement system. 
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3.3. Received signal: sampling in fast-time and slow-time 
 

3.3.1. Sampling in fast-time: Synchronous equivalent-time sampling 

Since the bandwidth of the transmitted signal stretches up to 3 GHz, the sampling rate 

of the receiver must be higher than 6 GSa/s in order to sample the signal in real-time, 

according to Nyquist sampling criteria. However, the T/H-ADC assembly is not 

capable of such high sampling rates. Consequently, an equivalent sampling method 

has been employed as a solution to the problem. The idea of the method is to sample a 

periodical signal (cyclically transmitted PN-sequence) in different positions for every 

cycle, until one period is reconstructed (Figure 5). For a simple implementation, only 

one sample is taken per period. The figures in section 3.2 present waveforms with the 

length of one period where the time axis of the figures is referred to as “Fast-time”. 

Since the PN-sequence is continuously repeated, the fast-time sampling frequency (𝑓𝑓) 

must be lower than the repetition rate of the PN-sequence (𝑓𝑟 ) in order meet the 

requirement of the method [14]. The equivalent sampling frequency (𝑓𝑒𝑞𝑠) corresponds 

to a sampling frequency that would allow reconstruction of one waveform within the 

in the time frame of one PN-sequence. 𝑓𝑒𝑞𝑠  can be determined from the following 

equations: 

𝑓𝑒𝑞𝑠 =
1

Teqs
            (5) 

 

Teqs =
1

𝑓𝑓
−

1

𝑓𝑟
      (6) 

 

The value of 𝑓𝑓  can be derived once 𝑓𝑒𝑞𝑠  known, since they are directly dependent of 

one another. However, the importance of 𝑓𝑒𝑞𝑠  is described in later section 5.1.2. Note 

that 𝑓𝑟  depends on the parameters of the transmitter and is calculated according to 

equation (4).  

In order to preserve the phase and avoid spectral leakage in measurements, the 

relationship should be satisfied: 

𝑓𝑒𝑞𝑠 = 𝑁𝑓 ∙ 𝑓𝑟         (7) 

 

where 𝑁𝑓 is the number of samples in one recorded period.  

To record one period with equivalent time sampling, the number of PN-sequences is: 

𝑁𝑝 = 𝑁𝑓 + 1       (8) 

 

Figure 5 illustrates the timing diagram using the concept of 𝑁𝑓 = 4. 
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Figure 5. Timing diagram of a synchronous equivalent time sampling system with Np=5. Black dots in the 

upper signal indicate samples [15]. 

In Figure 5 there is something called “FPGA sampling trigger”. It indicates the 

period, 
1

𝑓𝑜𝑠
, over which the FPGA records all the samples taken by the ADC in order 

to reconstruct one period. 

 

 

3.3.2. Sampling in slow-time 

Previous section describes the method of recording one waveform as a reconstruction 

of one PN-sequence. Also, the samples of an individual waveform are represented in 

a time domain labeled as “Fast-time”. The waveforms can be recorded with constant 

time intervals, 𝑇𝑠 , where the theoretical 𝑇𝑠 ≥
1

𝑓𝑜𝑠
 (see Figure 5). This gives each 

recorded waveform a unique timestamp in a so-called “Slow-time” domain. 

The limit, of how high the slow-time sampling frequency can be, depends purely 

on how long time it takes for the hardware to record and store one waveform. Even 

though the ADC is sampling (in fast-time) for every new clock cycle, there is simply 

no need to save each recorded waveform. According to the Nyquist criteria and the 

maximal vital sign frequency of 3 Hz (section 2.1). The slow-time sampling frequency 

(𝑓𝑠 = 1/𝑇𝑠) must be larger than the double maximal frequency, which in this case 

would be larger than 6 waveforms/s. The higher the slow-time sampling frequency is, 

the more detailed displacement can be recorded. Yet, if the waveforms are recorded 

over a longer period of time (in slow-time), a high slow-time sampling frequency 

would mean increased number of recorded waveforms. Consequently, the total number 

of recorded samples will be much larger. Hereby, the next limit is the amount of 

memory available on the hardware to store those samples. 
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3.4. Principles of operation 

The whole process can be described as the function blocks in Figure 6. Starting from 

the Transmitter, a PN-sequence, 𝑝(𝜏) , is repeatedly transmitted towards the 

Measurement Object. The transmitted 𝑝(𝜏) is reflected by the Measurement Object 

and recorded by the Receiver as 𝑟(𝜏). The Receiver stores an arbitrary number of 𝑟(𝜏) 

in a matrix, 𝑅[𝑚, 𝑛]. When the desired number of 𝑟(𝜏) has been recorded, the matrix 

𝑅[𝑚, 𝑛] is then transmitted to the PC. The PC processes all recorded signals in order 

to extract the breathing rate, 𝑓𝑏𝑟 , and the heartbeat rate, 𝑓ℎ𝑏𝑟 . 

The synchronization between the Transmitter and Receiver is controlled by the 

clock of the Transmitter, 𝑓𝑏 . However, the clock is distributed to different components 

of the Receiver by the Clock Generation System.  

 

 
Figure 6. General overview of the measurement system. 

 

3.5. Additional devices 

The functionality of the measurement system has been verified throughout the project 

with two different solutions. Firstly, the ability of the system to detect oscillating 

displacement generated by a robot. The implementation is described in detail in section 

5.2.2. Secondly, in the final stage of the project when attempts to detect the heartbeat 

rate are made, a reference system for measuring the heartbeat rate is used. 

 

3.5.1. Robot for controlled displacement 

A robot setup is built from a set of Lego Mindstorms NXT2.0. The NXT controller 

unit is programmed in Simulink with blocks “Simulink Support Package for LEGO 

MINDSTORMS NXT Hardware”. Lego Mindstorms NXT has been retired by LEGO 

in 2013. The Simulink support was available until MATLAB R2016b. For this reason, 

the Simulink support package is not available from MathWorks website [18]. Simulink 

model is attached in Appendix 2. 

 

3.5.2. Electrocardiogram 

Commercially available ECG is used. The model of the ECG is:  

Plessey PS25003 EPIC Demonstration Kit. 
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4. Signal processing 

4.1. Removal of clutter and DC-component from received signal 

A mathematical representation of the received signal, 𝑟(𝑡, 𝜏), can be presented as the 

sum of the responses of the channel together with the variations caused by the heartbeat 

and respiration [10]: 

𝑟(𝑡, 𝜏) = ∑ 𝐴𝑖𝑝(𝜏 − 𝜏𝑖)

𝑖

+ 𝐴𝑝(𝜏 − τd(𝑡))       (9) 

To clarify the meaning of the expression, the list of the parameters is explained in 

following way: 

1. 𝑝(𝑡) is a transmitted PN-sequence 

2. 𝐴𝑖 is the amplitude of each multipath component 

3. 𝜏𝑖 is the delay of each multipath component 

4. 𝐴 is the amplitude of the signal reflected from the chest 

5. 𝜏𝑑(𝑡) is the time delay caused by displacement 

 

Each sample of the waveform is recorded at a discrete time instance in fast-time, 𝜏, 

where 𝑁𝑓 is the total number of samples per PN-sequence: 

 

𝜏 = 𝑚 ∙ 𝑇𝑓   (𝑚 = 1,2, … , 𝑁𝑓)          (10) 

 

where 𝑇𝑓 is time interval between each sample in the fast-time domain: 

𝑇𝑓 =
1

𝑓𝑓
                                                 (11) 

 

Similarly, each waveform is recorded at a discrete time instance in slow-time, t, where 

𝑁𝑠 is the total number of waveforms to be recorded [10]: 

 

𝑡 = 𝑛 ∙ 𝑇𝑠   (𝑛 = 1,2, … , 𝑁𝑠)             (12) 

 

where 𝑇𝑠 is the time interval between the timestamps in the slow-time domain at 

which the waveforms recordings started.  

The waveforms are stored in a 2D-matrix, R [10]: 

 

𝑅[𝑚, 𝑛] = 𝑟(𝜏 = 𝑛𝑇𝑓, 𝑡 = 𝑚𝑇𝑠)      (13) 

 

The recorded waveforms must be pre-processed in order to remove clutter that is 

mostly caused by the coupling between the antennas. The clutter can be removed by 

calculating the average waveform and then subtract the average waveform from all 

recorded waveforms. The method is based on the assumption that all recorded 

waveforms have a common factor. If the transmitted signal pattern is always the same, 

and that the antennas have a fixed position in relation to each other, each recorded 

waveform will contain a multipath component that is nearly identical for all cases: the 

coupled signal. It leads to a new matrix, 𝑋 [10]: 

𝑋[𝑛, 𝑚] = 𝑥(𝜏 = 𝑛𝑇𝑓, 𝑡 = 𝑚𝑇𝑠)                                                               (14) 
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𝑥(𝑡, 𝜏) = 𝑟(𝑡, 𝜏) − lim
𝑇→∞

1

𝑇
∫ 𝑟(𝑡, 𝜏)𝑑𝑡 = 𝐴𝑝(𝜏 − 𝜏𝑑(𝑡)) − 𝑟0(𝜏)

𝑇

0

     (15) 

𝑟0(𝜏) is the DC-component that is present in the clutter-free waveforms 𝑥(𝑡, 𝜏). To get 

rid of the DC-component in a waveform, the average value of the waveform is 

calculated, 𝑥0(𝜏) , and then subtracted from the clutter-free waveform.  

The result is saved in a new matrix, 𝑌 [10]: 

𝑌 = 𝑦(𝜏 = 𝑛𝑇𝑓, 𝑡 = 𝑚𝑇𝑠)                                    (16) 

𝑦(𝑡, 𝜏) = 𝑥(𝑡, 𝜏) − 𝑥0(𝜏) = 𝐴𝑝(𝜏 − 𝜏𝑑(𝑡))     (17) 

 

 

4.2. Measure chest displacement with cross-correlation method 

Cross-correlation measures the similarity of two signals as a function of the 

displacement (also known as lag) of one signal relative to the other. Let’s denote the 

compared signals as 𝑔(𝑛 + 𝜃)  and ℎ(𝑛 + 𝜃)  respectively. The definition of cross-

correlation for discrete-time signal functions is [19]: 

𝐶𝑔ℎ(𝜃) = ∑ 𝑔(𝑛) ∙ ℎ(𝑛 + 𝜃)

∞

𝑛=−∞

                      (18) 

 

where 𝜃 is the lag. Generally, in signal processing, cross-correlation is used to detect 

a certain signal pattern within a larger recording. The function gives partially an 

answer whether the small signal 𝑔(𝑛) is buried somewhere in ℎ(𝑛) or not. Cross-

correlation is commonly applied in detection of radar echoes. Assume that the radar 

transmits a pulse in an arbitrary direction. The pulse is then reflected from an object 

and returns to the radar. The radar is recording for a certain time so that the pulse has 

enough time to return to the radar. However, the pulse constitutes a minor part of the 

recorded signal and is not obviously detectable because of all noise present in the 

recorded signal. The problem is solved by cross-correlating ℎ(𝑛)( = recorded signal) 

with 𝑔(𝑛) (= original pulse). Highest similarity between the two signals is at the 𝜃 that 

gives the highest value of 𝐶𝑔ℎ(𝜃) [19]. The lag at the maximal correlation, 𝜃𝑚𝑎𝑡𝑐ℎ , 

indicates the time it has taken for the pulse to reach the object and  

return to the radar.  

In the microwave-based vital sign detection application, a set of signals are recorded 

by the system as waveforms and then stored in a matrix 𝑌 (equation 16). The first 

waveform, 𝑦(1 ∙ 𝑇𝑠, 𝜏), is set as a reference waveform corresponding to 𝑔(𝑛) and the 

cross-correlation is calculated between the first waveform and the whole set of 

waveforms; {𝑦(1 ∙ 𝑇𝑠, 𝜏), 𝑦(2 ∙ 𝑇𝑠, 𝜏), … , 𝑦(𝑁𝑠 ∙ 𝑇𝑠, 𝜏)}.  

Unlike in the radar application, 𝜃𝑚𝑎𝑡𝑐ℎ  corresponds to the shift of the reference 

waveform caused by the displacement of the chest rather than the distance to the chest. 

The displacement in distance, 𝑣𝑠̂(𝑡), in relation to the first waveform is: 

 

𝑣𝑠̂(𝑡) = 𝜃𝑚𝑎𝑡𝑐ℎ(𝑡) ∙
𝑐 ∙ 𝑇𝑒𝑞𝑠

2
                            (19) 
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4.2.1. Displacement reconstructed with cross-correlation method 

The frequency bands of the observed vital signs, as mentioned in section 2.1, differ. 

By applying a band-pass filter to 𝑣𝑠̂(𝑡) with cut-off frequencies of the desired vital 

sign, all but the important frequency components are going to become suppressed. By 

implementing the discrete Fourier transform (DFT) to the filtered signal and then 

calculating the absolute value of the DFT, the frequency spectrum is acquired. The 

criteria for what is considered as the frequency of a vital sign, is the frequency 

component with the highest value in the spectrum. 

 

4.3. Measure the chest displacement with point oscillation 

Compared to the cross-correlation method, this method is not monitoring the shift of 

pulse-waveform. Instead, the amplitude of a particular fast time index is monitored 

over the time of the measurement. In other words: the amplitude changes of an 

arbitrary sample index, 𝜏, in the waveforms, 𝑦(𝑡, 𝜏), is monitored. Figure 7 shows four 

waveforms where the three waveforms from top correspond to 𝑦(𝑡, 𝜏) recorded at 3 

different occasions: 𝑦(1, 𝜏), 𝑦(2, 𝜏) and 𝑦(3, 𝜏). Only one value is collected from each 

of the three waveforms with one property in common: the same fast time index 𝜏 =
200. The fast-time index is marked with a red vertical line, with a red circle aligned to 

the line, pointing out the value of the waveform amplitude. Finally, the fourth 

waveform is a plot of 250 values of 𝑦(𝑡, 200), where the first 4 values are marked with 

red dots in the beginning of the fourth plot. 

 
Figure 7. The three waveforms from top are PN-sequences recorded at three different occasions. The fourth 

plot shows the amplitude of the 200th fast-time index over time. 

The fourth plot presented in Figure 7 is in the slow-time domain. By implementing 

DFT to 𝑦(𝑡, 200), the oscillation frequency of the sample may be observed. Figure 8 
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presents the frequency spectrum of the oscillating point. The data used for the 

demonstration is from an actual measurement where a person was breathing according 

to the beat of a metronome at 19 BPM, and where the average heartbeat rate was 

measured with an ECG to 70.24 BPM. In Figure 8, the highest peak of the spectrum is 

almost aligning with the frequency of the breathing rate. However, there is no peak 

around the measured heartbeat rate. 

 
Figure 8. Frequency spectrum of on oscillating point. Data is taken from a measurement where subject was 

breathing to the beat of a metronome at 19 BPM. An ECG measured average heartbeat rate of 70.24 BPM 
throughout the measurement. 

Moreover, if the environment would be static and noise-free, the measured amplitude 

at that sample would remain constant. Together with chest displacement, the 

waveforms obviously shift and the samples at 𝑦(𝑖 ∙ 𝑇𝑠, 𝜏), where 𝑖 = {1, … , 𝑁𝑠}, will 

oscillate. The advantage using this method, rather than the cross-correlation method, 

is the fact that it is independent of the fast-time resolution, described in section 5.1.2.  

 

 

4.3.1. Vital sign detection with point oscillation method 

The oscillation of a certain fast-time index, throughout several measured waveforms, 

is considered as one measured signal. By calculating the absolute value of the DFT of 

the signal, a frequency spectrum is acquired.  

The maximal number of frequency spectrums in a measurement is the same as the 

number of points in a waveform, 𝑁𝑓 . The advantage of calculating all possible 

frequency spectrums is the fact that each oscillating point can be affected by random 

noise. An average frequency spectrum improves the result by emphasizing the 

frequency components of e.g. the vital signs. Furthermore, an average frequency 

spectrum will suppress the frequency components generated by random noise. To 

generate an average frequency spectrum, all spectrums must be normalized first. Then, 

the average spectrum can be calculated by dividing the sum of all normalized 

spectrums with 𝑁𝑓. Figure 9 presents four frequency spectrums, where the spectrum 

in the bottom right is an average of 3999 spectrums. In the average spectrum, there is 

an obvious peak at the frequency of the heartbeat rate. 
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Figure 9. Four frequency spectrums are presented, where the heartbeat rate is only obvious in the average of 

all frequency spectrums. 

 

4.4. Bandpass filtering 

The purpose of bandpass filters is to suppress frequencies outside of the interesting 

frequency band. Since the frequency bands of heartbeat rate and breathing rate do not 

overlap, a bandpass filter for each of the vital signs can be designed separately. Thus, 

when analyzing the filtered signal, irrelevant frequency components will have less 

influence than before, since they have been suppressed.  

The frequency range of each vital sign is mentioned in section 2.1, which is a 

reference used to decide the cutoff frequencies of the bandpass filters for this project. 

Furthermore, the filter-type chosen for this task is the Butterworth filter due to the flat 

frequency response in the passband. 

 

 

4.5. Harmonics and Notch filters 

In previous studies it has been proven that calculating the Fourier transform in slow-

time will give a discrete spectrum consisting of several delta functions [10]. These 

functions are centered at frequencies of the harmonics of 𝑓𝑏𝑟 , 𝑓ℎ𝑏𝑟  and the 

intermodulation products of 𝑓𝑏𝑟  and 𝑓ℎ𝑏𝑟 . Harmonics are integer multiples of a 

frequency. Given that the frequency band of 𝑓𝑏𝑟  is below the frequency band of 𝑓ℎ𝑏𝑟 , 

the harmonics of 𝑓𝑏𝑟  will most likely appear in the frequency band of 𝑓ℎ𝑏𝑟 . If the 

breathing is strong, the harmonics may be strong as well. As a consequence of that, the 

frequency component of the heartbeat rate might be masked by the breathing 

harmonics. The purpose of a Notch-filter is to suppress a specific frequency 

component. Since the harmonics appear in the multiples of 𝑓𝑏𝑟 , several Notch-filters 

must be designed during the signal processing to remove the multiples of the detected 

𝑓𝑏𝑟 . 

The digital notch-filters used in this project were designed to be 12th-order bandstop 

IIR filters with a bandwidth of 0.01Hz (corresponding to 0.6 BPM). 
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4.6 ECG as reference measurement system 

The respiration rate can be controlled by the subject directly, however the heartbeat 

rate cannot. It is necessary to record the heartbeat rate in a trustworthy way to know 

the true heartbeat rate of the subject throughout a measurement session. A commercial 

ECG, Plessey PS25003 EPIC Demonstration Kit, is used in the project for this purpose. 

The calculation of the average heartbeat rate throughout one session is what is 

measured in this case. By finding the peaks of the R-waves in the ECG signal, and the 

time instance at which they were recorded, 𝑡𝑅, the average hearbeat rate is calculated 

with the following equation: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 ℎ𝑒𝑎𝑟𝑡𝑏𝑒𝑎𝑡 𝑟𝑎𝑡𝑒 =

∑
60

𝑡𝑅(𝑖) − 𝑡𝑅(𝑖 − 1)
𝑁
𝑖=2

𝑁 − 1
            (20) 

where N is the total number of peaks of the appearing R-waves. In Figure 10, the peaks 

of the R-waves are marked with red stars: 

 

Figure 10. Recorded ECG data that has been marked with a red star on each R-wave peak 
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5. Measurements and Results 

5.1. Practical issues 

5.1.1. Delay implementation between waveforms 

Without knowing the waveform recording rate, 𝑓𝑠 , it is not possible to know the 

interval between the time stamps of the recorded waveforms in the slow-time domain. 

Thus, it is not possible to retrieve the frequency spectrum of the displacement. What 

was not considered in the initial receiver software design was the rate at which the 

waveforms should be recorded. This feature had to be implemented as a part of the 

project. After examining the program for both the FPGA and the PC it was noted that 

once the FPGA recorded a waveform it was directly transmitted to the PC and the PC 

would save this waveform in a file. Next waveform was going to be recorded once the 

waveform was saved in a file. However, the recording-and-transmission time was 

approximately 1 second in total but could vary over time. Figure 11 is a screenshot of 

an oscilloscope measuring the repetitive recording of waveforms. By studying Figure 

11 it is known that the recording of the waveform takes just a couple of milliseconds. 

The conclusion is that the bottleneck of the waveform recording rate was the 

transmission of the waveform data from the FPGA to the PC. 

 

Figure 11. Picture of oscilloscope measuring period time of the digital output on the FPGA. Output is set to 
high when the delay is running and low when the FPGA is recording a waveform. 

To bypass the transmission-time bottleneck, the problem is solved by recording a 

desired number of waveforms with a certain recording rate and when done, all the 

recorded waveforms will be transmitted in one sequence to the PC. 

A way to determine the recording rate is by introducing a certain delay between 

recordings and monitor the recording rate somehow. In this case there is no built-in 

delay function that could solve the problem. Instead the delay is introduced by 

iteratively executing a set of operations. In this case, one time-consuming operation is 

changing the state of a digital output on the FPGA board. The delay works in such way 

that the output is set to high in all iterations (even if it is not changing the state of the 

output), and once the iterations are finished, the output is set to low and the FPGA-
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board starts recording the waveform. In Figure 11, the waveforms are recorded with 

20ms intervals giving a slow-time sampling rate: 

𝑇𝑠 = 20𝑚𝑠                                               (21) 

𝑓𝑠 =
1

𝑇𝑠
=

1

20𝑚𝑠
= 50 𝑠𝑎𝑚𝑝𝑙𝑒𝑠/𝑠      (22)  

Normally, the frequency of the vital signs does not exceed 3Hz. To meet the Nyquist 

sampling theorem, it is more than sufficient to have a system with 𝑓𝑠  = 50 samples/s 

for measuring the chest displacement. This means that it is not necessary with such 

high sampling rate. 

Nevertheless, a large number of samples improves the resolution of the frequency 

spectrum. Consequently, a more accurate frequency estimation of the vital signs is 

possible. To gather many samples with low 𝑓𝑠  requires a longer duration of the 

measurement. A high 𝑓𝑠  does not require the measurement to be carried out for a long 

period. However, a high 𝑓𝑠  makes it difficult to design digital filters for lower 

frequencies, where the vital signs belong. It is therefore necessary to make a trade-off. 

To adjust 𝑓𝑠 , the digital output on the FPGA is continuously measured and the time 

interval between recorded waveforms is easy to monitor. Finally, the delay is adjusted 

by changing the number of iterations. The block diagram of the FPGA-program is 

attached in Appendix 1. 

 

5.1.2. Resolution problem for cross-correlation method 

As mentioned in section 2.2, when PN-sequences are transmitted towards an object, 

they are reflected from the object and then recorded by the receiver. The received 

signals should look the same if the object is constantly static. However, if the object 

moves, the time that it takes for a PN-sequence to return to the receiver will change: it 

will return quicker to the receiver if the object moves towards the antenna 

constellation, but it will take longer time to return to the receiver if the object moves 

away from the antennas. This will result in a time shift of the recorded waveform. 

Assume that there is no noise in the received signals and that the medium doesn’t cause 

power loss. The only difference between the shifted and non-shifted signal will be a 

sample rotation, like in Figure 12.  

 

 

 
Figure 12. Two last samples of the blue waveform are marked as red circles. Rotating the blue waveform with 

two samples results with the green waveform. The first two samples of the green waveform correspond to the last 
two samples of the blue waveform.  
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Using cross-correlation to detect the distance and direction of the shift (referred to as 

‘lag’) between recorded signals is highly dependent on the 𝑓𝑒𝑞𝑠 . The higher the 𝑓𝑒𝑞𝑠  is, 

the smaller shifts can be detected. On the other hand, a high 𝑓𝑒𝑞𝑠  requires the hardware 

to record more points per waveform, 𝑁𝑓. If 𝑑𝑚𝑖𝑛 is the smallest desired displacement 

to be detected, then: 

 

feqs =  
𝑐

2𝑑𝑚𝑖𝑛
                  (23) 

 

where c is the speed of light. The propagation speed of the transmitted signals is 

assumed to be equal to c. The following relation should be aimed for: 

 

𝑁𝑓 ∙ 𝑓𝑟 ≥ 𝑓𝑒𝑞𝑠                       (24) 

 

since 𝑁𝑓 is an integer and that 𝑓𝑟  is a fixed parameter, the value of 𝑁𝑓 must be large 

enough to satisfy the relation in equation (24). It is necessary to consider 𝑁𝑓 since the 

measurement hardware has a limited amount of memory. The higher 𝑁𝑓 is, the higher 

amount of memory is used for each recorded waveform. 

As a demonstration of the problem, a simulated case has been carried out where the 

𝑓𝑒𝑞𝑠  has been set to 30 GSa/s. By deriving from equation (23), the smallest detectable 

displacement with such sampling frequency is: 

 

𝑑𝑚𝑖𝑛 =
𝑐

2 ∙ 𝑓𝑒𝑞𝑠
=

299792458 𝑚/𝑠

2 ∙ 3 ∙ 1010𝐻𝑧
≈ 0,005𝑚 = 5𝑚𝑚        (25) 

 

which is also seen in the plot from the simulated reconstruction in Figure 13. The pink 

plot is a simulation of a sinusoidal displacement. Simulated PN-sequences were then 

shifted according to the displacement magnitude of the pink plot. Finally, 

reconstructing the displacement with cross-correlation method gave the blue plot as 

output. It is evident that the resolution is insufficient to detect small changes. The 

magnitude of displacement that is caused by the heartbeat is much lower than 5 mm, 

thus an even higher 𝑓𝑒𝑞𝑠  is needed. 

 

 

 
Figure 13. A demonstration of the influence that fast-time resolution has on the performance of the 

displacement reconstruction with cross-correlation method. 
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By defining 𝑑𝑚𝑖𝑛 = 0.8𝑚𝑚, which is significantly smaller than the previous value, a 

new 𝑓𝑒𝑞𝑠  can be calculated by first calculating the minimal number of samples per 

waveform 𝑁𝑓: 

𝑑𝑚𝑖𝑛 =
𝑐

2 ∙ 𝑓𝑒𝑞𝑠
=

𝑐

2 ∙ 𝑓𝑟 ∙ 𝑁𝑓
                                                  (26) 

→ 𝑁𝑓 =
𝑐

2 ∙ 𝑓𝑟 ∙ 𝑑𝑚𝑖𝑛
=

299792458

2 ∙
6 ∙ 109

27 − 1
∙ 0.8 ∙ 10−3

≈ 3966   (27) 

Making 𝑁𝑓 even larger will improve the sensitivity of displacement, therefore the 

value is slightly increased to: 

𝑁𝑓 = 3999                                                                                 (28) 

giving following: 

𝑓𝑒𝑞𝑠 = 𝑁𝑓 ∙ 𝑓𝑟 = 3999 ∙
6 ∙ 109

27 − 1
≈ 188.93 𝐺𝑆𝑎/𝑠            (29) 

 

The reconstruction using the latest parameters is presented in Figure 14 below: 

 
Figure 14. The reconstructed displacement aligns better with the originally simulated displacement, 

 due to higher 𝑓𝑒𝑞𝑠. 
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5.2. Measurements and results 

5.2.1. Simulation 

The main purpose of simulation is to test and verify the signal processing methods. In 

addition, measurement parameters, such as sampling frequency, can also be 

determined through simulations. 

This can be considered as a controlled environment where arbitrary magnitudes and 

frequencies of the breathing rate and heartbeat rate are set by the user. The only 

considered method in the simulation was the cross-correlation method because the 

oscillating-point method was not considered until later state of the project. 

The simulation starts by simply generating the artificial chest displacement, which 

is in the slow-time domain (based on equation (1)). The simulated chest displacement 

is presented in Figure 15 as a pink waveform. Note that the amplitude is exaggerated 

and that three unique samples of the chest displacement are marked in the plot. 

 

 
Figure 15. Simulated chest displacement in slow-time domain. The diamonds indicate a displacement value of 

a certain sample. 

 

Next, a matrix of triangular pulse-sequences is generated. The reason for using 

triangular pulse sequences instead for PN-sequences here is purely to simplify the 

demonstration. Figure 16 illustrates three of the sequences from the matrix. Each 

sequence is identical since they correspond to periodic signal transmission. 

 

Figure 16. Transmitted signal is always the same. Three of the transmitted signals are presented in the figure. 
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Observe Figure 15 and Figure 16. The colors of the points in Figure 15 match with the 

colors of the pulse sequences in Figure 16. The relationship is that the time instances 

of the points in Figure 15 correspond to the time at which each pulse sequence from 

Figure 16 is going to be transmitted. The amplitude of the points will shift each 

individual pulse sequence according to equation (2) and (3). Figure 17 presents the 

recorded echoes of the three transmitted sequences. The sequences are clearly shifted 

because they were reflected of the chest at different distances. 

 

Figure 17. The transmitted signals from Figure 16 have been reflected from the chest at different distances. 

 

Now, if all echoes are calculated and stored in a matrix, the matrix can be illustrated 

as a 2D image, presented in Figure 18. Each column in the image corresponds to one 

recorded echo. The darker the color, the lower is the value of the pulse waveform. 

Similarities can be seen between Figure 15 and Figure 18. However, there is one step 

left to reconstruct the displacement. 

 

 
Figure 18. All shifted pulse echoes displayed in a 2D image, where each column corresponds to the pulse 

echo. 

 

The basic idea of the cross-correlation method is to use one pulse sequence as reference 

fast-time index waveform. Then, cross-correlation is performed between the reference 

waveform and every single shifted pulse separately as instructed in section 4.2 . What 

is important in this method is to know the lags at which the correlations are computed. 

The lag at which the correlation is the highest indicates the current distance between 
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the reference position and the subject. If the lag is changing in time, a movement of 

the subject is detected. 

Figure 19 shows two plots on top of each other. The pink line is the original simulation 

of the displacement. The blue crosses correspond to displacement points reconstructed 

from the shifted pulse echoes. 

 

 
Figure 19. Reconstructed displacement compared to the original displacement. 

 

The frequency spectrum of the original- and reconstructed displacement are presented 

in Figure 20. 

 

 

 
Figure 20. Frequency spectrum of the reconstructed displacement compared to the frequency spectrum of the 

original displacement. 

 

As mentioned in section 5.1.2; lower amplitudes of the chest displacement are more 

challenging to reconstruct due to higher requirements on the fast-time resolution. By 

modifying amplitude parameters of the simulated chest displacement into more 

realistic values, a sufficient equivalent sampling frequency 𝑓𝑒𝑞𝑠 can be estimated. The 

estimation can be made by calculating a new 𝑓𝑒𝑞𝑠  according to equations from section 

5.1.2. Figure 21 presents the frequency spectrum of the simulated chest-displacement 

with the chest-displacement specifications: 

• Respiration amplitude: 5mm 

• Respiration frequency: 0.5Hz 

• Heartbeat amplitude: 0.08mm 

• Heartbeat frequency: 1.2Hz 

 

where 𝑓𝑒𝑞𝑠 = 150 𝐺𝑆𝑎/𝑠.  



 

 

   

26 

 

 
Figure 21. Frequency spectrum of the reconstructed displacement compared to the frequency spectrum of the 

original displacement in a semilogarithmic plot. 

The repetition rate of the PN-sequences is calculated using equation (4) and 

properties described in the description of Figure 3: 

𝑓𝑟 =
𝑓𝑏

2𝑚 − 1
=

6𝐺𝐻𝑧

27 − 1
≈ 47.2 𝑀𝐻𝑧  (30) 

 

As seen in Figure 21, sufficient fast-time resolution is used since the frequency 

component of the heartbeat rate (peak at 1.2 Hz) is visible in the frequency spectrum 

of the reconstructed chest displacement. Minimal number of sample points per 

recorded waveform, 𝑁𝑓, can be calculated by rewriting equation (7): 

𝑁𝑓 =
𝑓𝑒𝑞𝑠

𝑓𝑟
= 3175                                  (31) 

 

 

5.2.2. Robot for controlled displacement 

Before trying to measure the breathing- and heartbeat rate of a person, the 

measurement system was verified by measuring a controlled displacement. This 

displacement has much higher amplitudes than what the vital signs generate. The setup 

for generation of controlled displacement is seen in Figure 22. It is a robot setup that 

is programmed to move a plate back and forth with an arbitrary frequency set by the 

user. The robot setup consists of 4 parts: 

1. controller unit 

2. electrical motor 

3. a platform ensuring horizontal movement 

4. metal plate 
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Figure 22. Robot platform facing the antennas. The dark yellow arrows on the metal plate illustrate the 
directions of the metal-plate movement. 

  

The motor can move the metal-plate back and forth with frequencies between 8-160 

BPM, which is within the typical frequency range of the two vital signs. However, the 

displacement amplitude of the robot setup is ±7.5mm which is a bit larger than the 

typical chest displacement caused by respiration (±5mm). Figure 23 shows a close-up 

image of the motor. 

 

Figure 23. Electrical motor: Yellow arrows in (a) and (b) illustrate the rotor movement. (a) also shows the 
approximate diameter of the rotor, which corresponds to the range of displacement of the metal plate. 

The plates that are attached at the end of the robot arm serve the purpose of reflecting 

the UWB PN-sequences. The reflectance of materials may vary and metals in general 

are better at reflecting high frequency electromagnetic signals than wood or skin. 

Displacement with the robot setup was tested with both a metal plate and wooden plate. 

The real measurement system was initially tested in a controlled environment where 

a moving object was controlled by a robot setup in two different ways: when the robot 

was set to move a metal plate with high- respectively low frequency. 

Using the measurement data gathered from measurements performed on the robot 

setup, the signal processing methods can be verified since it is known what to be 

expected in the frequency domain. Unlike the simulated case, the recorded signal has 

to be preprocessed before reconstruction due to e.g. clutter, as described in section 4.1. 

Both methods, mentioned in sections 4.2 and 4.3, were able to detect the frequencies 

of the displacement frequency very well. Figure 24 and Figure 25 show the results 

obtained with the cross-correlation method. In Figure 24 and Figure 25, it is clear that 

the displacement distance is not accurately estimated since the robot-setup is moving 

the metal plate back and forth within the range of 15 mm. The reason for this behavior 

is difficult to speculate because the top-to-top range is higher for higher frequencies of 

the metal plate movement. Nevertheless, the highest peaks in the frequency spectrum 
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are strongly dominant and occur at an expected frequency instance. Figure 26 and 

Figure 27 represent the frequency domain of the displacement acquired with the 

oscillating-point method. Figure 26 and Figure 27 show the highest peaks in the 

expected frequency instances, but there are noticeable peaks of harmonics in Figure 

26. Harmonics are simply frequency components in the signal that are multiples of 

another frequency. In the case presented in Figure 26 the harmonics are multiples of 

~17.76 BPM. The cross-correlation method allows reconstruction of the displacement 

pattern in time-domain. 

 
Figure 24. Measurement result acquired with the cross-correlation method from measurement performed on 

the robot with frequency varying between 16-18 BPM. 

 
Figure 25 Measurement result acquired with the cross-correlation method from measurement performed on 

the robot with frequency varying around 158 BPM. 
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Figure 26. Measurement result acquired with the oscillating point method from measurement performed on 

the robot with frequency varying between 16-18 BPM. Distance between antennas and metal plate: ~10cm. 

 

 

 
Figure 27. Measurement result acquired with the oscillating point method from measurement performed on 
the robot with frequency varying around 158 BPM. Distance between antennas and metal plate: ~10cm. 
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5.2.3. Measuring the respiration only 

Once the signal processing methods are verified (using the measurement setup together 

with the robot setup), it is time to try the vital sign detection: UWB signals reflecting 

from the chest. A simple way to control the displacement of the chest is by breathing 

to the rhythm of a metronome. At each beep of the metronome the subject changes 

from breathing in to breathing out, and vice versa. 

Like the robotic setup, the displacement frequency caused by breathing can be 

controlled. However, there are two key differences that affect the results: 

1) the ability to reflect signals by the human compared to the metal plate 

2) the amplitude of displacement generated by the mechanical setup and the 

chest. 

 

Figure 28 shows two graphs with two plots each. Both graphs represent the frequency 

spectrum of the measured displacement. However, the graphs are divided by the 

methods used for reconstruction. In many cases, not just as in the one presented in 

lower graph of Figure 28, the low frequency components tend to be dominant. This 

phenomenon makes it difficult to determine the breathing rate just by finding the 

highest peak in the lower frequency spectrum. The unwanted frequency components 

are removed by filtering the slow-time domain data with a bandpass filter within the 

breathing frequency band mentioned in section 2.1. 

 
Figure 28. Measurement results acquired when subject was breathing to a metronome set to 20 BPM at 10cm 

distance, facing the antennas. Vertical blue line indicates the expected frequency. 

 

Figure 29 presents measurement results from a case where the breathing rate was 

significantly higher than for the case presented in Figure 28. In these figures, it seems 

that the cross-correlation method works better than the oscillation method. However, 

Table 2 and Table 3 present all the results from the estimations of breathing rate with 

both methods. The results show that oscillating-point method is much more reliable 

than the cross-correlation method. 

In total, the percentage of accurate estimations of the respiration frequency was 

approximately ~67% with cross-correlation method compared to ~90% with the 
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oscillation method. Average spectrum calculation was applied in the oscillation 

method.  

 

 
Figure 29. Measurement results acquired when subject was breathing to a metronome set to 35 BPM at 10cm 

distance, facing the antennas. Vertical blue line indicates the expected frequency. 

 
Table 2. All results from measuring the breathing frequency at different  

distances with antennas facing the back of the subject. 

 
 

Table 3. All results from measuring the breathing frequency at different  
distances with antennas facing the chest of the subject. 

 

  

Respiration,

Facing away 

from  antennas

Distance

0 cm

1-3 cm

5-10 cm

~50 cm

~100 cm

Total:

Corrrect breathing frequency estimations using:

Cross-correlation method Oscillation method

13 of 21 18 of 21

3 of 6 5 of 6

6 of 7 6 of 7

1 of 2 2 of 2

0 of 2 1 of 2

3 of 4 4 of 4

Respiration,

Facing antennas

Distance

0 cm

1-3 cm

5-10 cm

~50 cm

~100 cm

Total:

2 of 2

32 of 35

Cross-correlation method Oscillation method

Corrrect breathing frequency estimations using:

9 of 10

1 of 2

23 of 35

10 of 10

7 of 13 13 of 13

4 of 5 5 of 5

2 of 5 2 of 5
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5.2.4.  Detection of both breathing rate and heartbeat rate 

Other studies have shown that the rate of successful detections of vital signs was 

affected by the position and behavior of the subject [14]. Measurements were therefore 

performed under different conditions, such as: 

• the distance between the subject and antennas 

• Whether the antennas face the chest or the back of the subject 

• Whether the subject is breathing or not 

o if the subject is breathing then is the subject breathing to the rhythm 

of a metronome? 

These measurements were done in order to investigate which case gives the best 

detection outcome. Figure 30 shows the subject facing the antennas at a distance of 

approximately 40 cm. 

 

Figure 30. Subject is sitting in front of the antennas that are attached to a table. Laptop is recording ECG 
data while the desktop PC gathers data from the UWB measurement setup. 

Detection of the heartbeat rate was the greatest challenge. The reason is that a heartbeat 

has a small impact on the body displacement.  

By studying Table 4 and Table 5, there are two important conclusions that can be 

drawn from the experiment:  

1) Oscillation method gives better results. 

The difference of the two presented signal processing methods is the fact that 

the cross-correlation method did not manage to repetitively detect the heart-

beat rate for any of the studied cases. The oscillation method did.  

2) Position: Sit 0-10cm away from antennas, face antennas and hold breath. 

The case for which the heartbeat rate was detected in every measurement was 

when the chest of the subject was facing the antennas at a distance of 0-10cm 

while the subject was holding its breath (Table 5). 
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Table 4. All results from measuring the vital signs at different distances with antennas facing the back of the 
subject. 

 
 

 
Table 5. All results from measuring the vital signs at different distances with antennas facing chest of the 

subject. 

 
 

When the subject is breathing, harmonics appear in the multiples of the breathing 

frequency. The magnitude of the harmonics is often higher than the magnitude of the 

frequency component of the heartbeat rate. To get rid of the harmonics, notch-filters 

have been suggested [20]. However, notch-filtering makes significant difference in 

some cases, both good and bad. Ideally, the notch filters remove the harmonics that 

appear in the signal, which should emphasize the peak of the true heartbeat rate. An 

example of successful implementation of both a bandpass-filter and several notch-

filters is presented in Figure 31 and Figure 32. 

 

Heart-beat rate,

Facing away 

from antennas

Distance

0 cm

0 cm

1-3 cm

1-3 cm

10 cm

10 cm

~40 cm

Total:

No

1 of 5 3 of 5 No

2 of 15 4 of 15 4 of 15 Mixed

5 of 47 19 of 47 13 of 32

Breathing during 

measurement

No

Yes

Yes

Corrrect hear-beat frequency estimations using:

1 of 5 4 of 5

0 of 6 3 of 6

Oscillation method

using Notch-filters

4 of 5

3 of 6

Oscillation methodCross-correlation method

2 of 50 of 5

1 of 6 1 of 6 2 of 6 Yes

0 of 5 2 of 5

Heart-beat rate,

Facing antennas

Distance

0 cm

0 cm

1-3 cm

1-3 cm

10 cm

10 cm

~40 cm

Total:

0 of 7 2 of 7 4 of 7 Yes

0 of 5 4 of 5 No

1 of 5 3 of 5 No

Corrrect hear-beat frequency estimations using:

6 of 49 22 of 49 16 of 34

Cross-correlation method Oscillation method
Oscillation method

using Notch-filters

Breathing during 

measurement

2 of 5 5 of 5 No

2 of 5 2 of 5 4 of 5 Yes

1 of 15 5 of 15 4 of 15 Mixed

0 of 7 1 of 7 4 of 7 Yes



 

 

   

34 

 

 
Figure 31. Frequency spectrum of measured displacements. Subject is facing the antennas. Distance to 

subject: 10cm. Breathing metronome: 19 BPM. Red vertical line indicates the average heartbeat rate measured 
with ECG 

 

 

 
Figure 32. Spectrum of bandpass filtered signals from the same measurement as described under Figure 31. 

 

On the other hand, the harmonics might appear close to the heartbeat rate. Notch-

filters, created to remove the specific harmonics, might also suppress the frequency 

component of the heartbeat rate. Thereby, leading to erroneous estimation of the vital 

sign frequency. An example taken from the performed measurements is presented in 

Figure 33. 

  

 

 
Figure 33. Frequency spectrum before and after applying notch-filters. Second harmonic of the breathing 

rate appears near the heartbeat rate. Notch-filtering cancels the harmonic and the heartbeat component. 
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The measurements that were acquired when the subject was holding breath having the 

antennas pressed against the body gave the most significant peaks at the true heartbeat 

rate. Within the frequency band of the heartbeat rate, the frequency component of the 

vital sign tends to dominate. Such result is presented in Figure 34. 

 

 
Figure 34. Bandpass filtered signal. Antennas pressed against the chest of the subject. Subject is holding 

breath. 
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6. Discussion 

The results demonstrated that it is possible to detect vital signs with the investigated 

system. Hence, the aim of the project was achieved. However, the results were not 

nearly as good as in previous studies. Previous studies have presented successful 

results where detection of heartbeat rate was performed at a distance of 1m with a 

20cm thick brick wall in between the subject and the measurement system [10]. But 

then again, the matter of fact is that the system differences regarding both measurement 

hardware and signal processing makes the comparison unfair. 

Despite close distance between the antennas and the subject during measurements, 

only breathing rate was regularly detected. Even at a distance of 50cm, breathing rate 

could be detected regularly. Unfortunately, longer distances between the measurement 

system and the subject were not tested in a sufficient amount to claim else. 

Nevertheless, the maximal trustworthy distance between the subject and the antennas 

did not exceed 10cm, if the heartbeat rate was to be detected. Moreover, the times at 

which the heartbeat rate was clearly detected in this study did not occur regularly. The 

results would somewhat show correct heartbeat rate in an irregular order. 

The difference of this study and previous studies is the fact that the measurement 

systems in the earlier studies have been designed for the purpose of detecting vital 

signs, whereas the measurement system of this study was designed for medical 

diagnostics. The major difference between the measurement system of this project and 

the measurement systems of the previously studied cases is the fact that the latter 

systems work as impulse radio radars. Impulse radio radars transmit a pulse and the 

receiver records for a limited time in order to record the echo of the pulse [10] [20]. 

The investigated system transmits the PN-sequences as UWB-signals repeatedly, 

demanding somewhat different handling of the signal. Given that the signal types 

differ, the signal processing methods had to be customized in order to get the desired 

output. This became a great challenge due to the time limitation. 

The general goal of the project was to detect the vital signs after processing the 

exact same data as the data used for creating images. Small changes in the application 

of the receiving hardware were necessary in order to make this possible. The rest of 

the responsibility was put on the signal processing methods. Results have shown that 

it is possible to monitor the vital signs using provided hardware, which was the main 

objective of the thesis. However, much can be improved. 

An implemented change in the measurement system concerns transferring data 

from the measurement hardware to the PC. Initially, the program of the setup was 

designed to transfer data to the PC after each recorded waveform. It took 

approximately 1 second for each waveform to be recorded and transferred to the PC. 

The transfer-speed was found to be the bottleneck. The solution to this problem is 

based on recording and saving an arbitrary number of waveforms on the measurement 

hardware before finally transferring the data to the PC. This solution makes it 

impossible to monitor the measurement data in real-time. The problem can be solved 

by improving the transfer-speed significantly or/and by running some of the signal 

processing on the measurement hardware to minimize the amount of data to be 

transferred to the PC. 

The most time-demanding part of the project was related to the collection of data. 

This part includes the modifications of the code for the measurement setup, the design 

of the robot for controlled displacement and planning and performing all 

measurements. Limited amount of time prevented further investigation and 

implementation of algorithms for better processing of the gathered data. Future 
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improvements should be focused on the signal processing, but also new data could be 

collected using other antennas with properties similar to the ones used in the true 

microwave tomography system. 

 

7. Conclusion 

The main purpose of the thesis is investigating the possibility to use present system for 

vital sign detection. The results have proven that it is possible, however only the point-

oscillation method could detect the heartbeat rate in the frequency domain. 

Considering different positions of the subject at distances up to 50cm, the point 

oscillation method was able to detect ~90% of the respiration rates compared to ~67% 

achieved by the cross-correlation method. 

The best results for detection of heartbeat rate were acquired when the subject was 

facing the antenna while holding breath at a distance of 0-10 cm. The point-oscillation 

method detected the heartbeat rate in 80% of the measurements. Given the same 

circumstances, the cross-correlation method presented worse results. Only 20% of the 

outputs would show a frequency corresponding to the true heartbeat rate, which is not 

reliable. Since, the scenario is that subject is holding breath while sitting still, the main 

problem is the sensitivity of the measurement system. The measurement system is not 

always capable of detecting small displacements. 

Considering larger displacements such as the displacements generated with the 

robot setup, or even by breathing, both presented reconstruction methods gave good 

results regularly. Nevertheless, the results are not often enough good when trying to 

detect the heartbeat rate to consider studied methods as reliable, therefore there is 

plenty of space for improvement in the signal processing algorithms. 
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Appendices 

Appendix 1 – Block diagram of the FPGA program 

The block diagram below shows the general process of the FPGA. The variable 

“delay_loops” is a positive integer that takes an arbitrary value chosen by the user. 

 
Attachment 1. Block diagram of the FPGA program 
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Appendix 2 – Simulink model for Lego Mindstorms NXT 

The following 2 attachements show the complete program for the Lego Mindstorms 

NXT controller used in this project. 

 

 
Attachment 2. Lego Mindstorms NXT program. Image 1/2.  
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Attachment 3. Lego Mindstorms NXT program. Image 2/2. 
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Appendix 3 – Operation Manual 

To prepare the measurement system, some steps are necessary to carry out. Firstly, the 

system clock 𝑓𝑏  must be set in the PN-sequence generator, before the PN-sequence 

generator is started. Once the clock is up and running, the settings of the PLL should 

be set to such that make the PLL output another clock with a frequency, in this case, 

corresponding to fast-time sampling frequency 𝑓𝑓 . The last step is to adjust the phase-

shift within the clock distributor to trigger the T/H and the ADC with the right timing 

[21]. The FPGA handles the sampled data stream coming from the ADC and last of all 

transfers the data to the PC for processing. 


