
 

 

 

 

ABSTRACT 

Feasibility of Microwave Radar System for Proton Therapy Control 

Adam M. Parks, M.S.E.C.E. 

Mentor: B. Randall Jean, Ph.D. 
 
 

Non-invasive medical procedures are desired in modern medicine because they 

provide advantages in patient safety and comfort. A cutting-edge, non-invasive medical 

procedure implemented specifically for cancer treatment is proton therapy. However, to 

safely implement this procedure on the thorax or abdomen, it is important to monitor lung 

and heart motion, as these organs displace local tissues. 

Conventional methods used for measurement of a patient’s vital signs become 

problematic because metal wires or leads of these systems interfere with the proton beam. 

Metal leads and wires deflect the proton beam, become radioactive as they are 

bombarded with radiation, and become entangled with other equipment during the 

procedure. 

This thesis documents research conducted on the feasibility of a non-intrusive 

microwave radar system, used to monitor a patient’s chest displacement, due to lung and 

heart motion. The feasibility of constructing a stand-alone prototype is also investigated. 
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CHAPTER ONE 
 

Introduction 
 
 

Non-invasive medical procedures are desired in modern medicine because of 

advantages they provide in patient safety and comfort. A patient of a non-invasive 

procedure is less likely to experience the following: trauma, visible incisions/scar tissue, 

overnight hospital stays, and procedure-related infection. A cutting-edge, non-invasive 

medical procedure implemented specifically for cancer treatment is proton therapy (PT). 

This procedure employs Bragg’s phenomenon to deliver high amounts of radiation to a 

specific location within a body (such as a tumor) with minimal damage to surrounding 

tissue and organs [1]. However, to safely implement this procedure on the thorax or 

abdomen, it is important to monitor heartbeat and respiration, since these activities 

displace local tissue.  

Conventional methods used to measure a patient’s vital signs are problematic 

because metal wires or leads of these systems interfere with the proton beam. These 

metal leads and wires deflect the proton beam, become radioactive as they are bombarded 

with radiation, and become entangled with other equipment as the procedure is 

conducted. A current alternative is to monitor a patient’s vital signs with expensive 

optical equipment, which monitors changes in skin hue and associates them with chest 

motion. The downside to this method is the procedure’s high upkeep cost, since the 

optical equipment must be replaced annually, due to sustained damage from particle 

radiation. 
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A way to make the procedure more affordable is to implement a microwave radar 

system. Microwave radar components are cheaper than optical systems because they are 

easier to manufacture, due to their comparatively larger size. Microwaves have additional 

advantages (when compared to optical waves) which include a larger penetration depth 

and the ability to retrieve distinct dielectric properties from materials [2]. The trade-off is 

microwave systems, due to their larger wavelengths, have a lower information density 

and are larger than optical systems. However, since microwave frequencies are a billion 

times greater than heart and respiration frequencies, this slower data rate is justified for 

the lower costs and added modes. 

An objective of this thesis is to demonstrate a microwave radar system can 

accurately identify heart and lung motion quickly enough to allow a safe window for 

operation of the proton beam. Experiments to analyze the time delay between an 

Electrocardiogram and microwave radar will be conducted to quantify the duration of a 

confident, stationary chest window. Another objective is to provide recommendations for 

a medical radar system, which could accurately measure heart motion. The goal of this 

work is to gather evidence to justify the implementation of the recommended system for 

the PT procedure. 
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CHAPTER TWO 
 

Background 
 
 

Radar Introduction 
 

Originally developed to detect enemy vehicles between World War I and World 

War II, radar has since become a common, real-world application of electromagnetic 

theory, used to detect a wide variety of objects. The origin of the word radar is from the 

military acronym RAdio Detection And Ranging. This name stuck since the acronym 

simply defines what the system does, and led to the adoption of “radar” into the English 

language. Like the acronym implies, information about an object can be detected with the 

radio spectrum, the most common of which are range and velocity. Some examples of 

radar are vehicle radar used to detect other surrounding vehicles or buildings, ground 

penetrating radar used to identify objects beneath the earth’s surface, and weather radar 

used in meteorology. Despite their differences in terms of performance and application 

objectives, all these systems are governed by the same principles, and can be explained 

by the radar range equation: 

 R = �
(PtGtGrλ2σ)
(4π)3Pmin

�

1
4

. (1) 

This equation describes the relationship between total transmitted power and minimum 

received power Pt and Pmin in watts, dimensionless gain of transmit and receive 

antenna Gt and Gr, wavelength λ in meters, radar cross section σ in m2, and range R in 

3 



meters [3]. This equation defines variables associated with the major components of a 

radar system. 

The power transmitted is simply the amount of energy per unit time radiated by 

the transmitter of the system; and, the min detectable power is the smallest amount of 

energy per unit time detectable by the receive antenna. A simple model for the minimum 

detectable power is given as: 

 Pmin = kT(BW)(SNR) (2) 

where k is Boltzmann’s constant which is 1.3806488*(10)^(-23) m2 kg s-2 K-1, T is the 

noise temperature of 290 K, BW is the bandwidth of the receiver, and SNR accounts for 

the signal-to-noise ratio of the system, which factors in the noise temperature. This 

equation shows that the minimum detectable power is limited by the radiation 

background of the universe, which is approximately -174dBm/Hz. To calculate this 

power, set the bandwidth equal to 1Hz. This consideration means, no matter how good a 

real system is, it will not be able to detect a signal below this power. In reality, the lowest 

detectable power is significantly higher than this due to imperfect components, 

interference from other systems, and noise generated by the given system itself [3]. 

The transmit and receive antenna gains are measures of how much energy the 

antennas radiate in a specific direction. An example would be an “Isotropic Radiator” or 

antenna which radiates energy equally distributed spherically around the transmit point. 

This Isotropic radiator cannot actually be achieved, but is used as an ideal model of an 

antenna with a gain of 1 (0dBi). An antenna with a gain of 2 (3dBi) would radiate so the 

power was distributed over half of the spherical space around it, and could ideally be 
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imagined to radiate outward through half the spheres surface area. To convert to dBi, 

simply follow (3) below. 

 dBi = 10 log10 �
Gainantenna
Gainisotropic

� = 10 log10(Gainantenna) (3) 

Given these two principles, it is easy to understand that an antenna with a gain of 20dBi 

would radiate through a smaller percentage of the total surface area of a sphere, than the 

previous two examples. This phenomenon is illustrated below in Fig. 1. Gain will be 

covered more in depth in the antennas subsection. 

 

 
 

The final two parts of this equation are the wavelength λ and radar cross section 

(RCS) σ. The wavelength is the distance between two crests of a wave in meters. It is 

related to the speed of light c in m/s, divided by the frequency f in Hz. The equation to 

model the relation is usually given as: 

 c = fλ. (4) 

 
Fig. 1 Illustration of Various Ideal Antenna Gains [4]. 
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The RCS of an object is a model of how much energy an object will reflect back 

at the radar. Development of good RCS models of complex objects is beyond the scope 

of this study and will not be discussed here. In general though, objects with sharp edges 

and corners have a larger RCS than an object such as a sphere, which is smooth and 

rounded. 

In the sections to follow, the specific subsystems and their effect on radar system 

design will be investigated. 

 
System Frequency 
 
 The frequency of operation for a radar system is key since all other aspects of the 

system are impacted by the chosen frequency. Frequency determines the wavelength for 

the system and has a direct effect on most electromagnetic subsystems such as, but not 

limited to: antennas, transmission lines, induced Doppler shift, and the resolution of the 

chest motion of the patient. In general, a higher frequency is better because of the higher 

resolution it provides, which can be demonstrated below: 

 ϕ =
4πR(t)
λ

 (5) 

where ϕ denotes the phase in radians, and R(t) is the range of the target at a given time in 

meters. As can be seen in (5), a lower wavelength will increase the phase shift of a target 

object. A larger phase shift is desired because it generally improves the SNR of the phase 

measurement [5] [6]. 

 With this in mind, it is also important to consider that the penetration depth of 

microwaves decrease as their wavelengths get shorter. At low microwave frequencies 

(around 1 GHz) the penetration depth of microwaves into body tissues is approximately 
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5cm. This depth allows for reflections at the heart’s surface, where position variation 

from heart motion is the largest. However, as frequency increases, the penetration depth 

decreases, so a 10GHz wave will penetrate approximately 1/10th the distance of a 1GHz 

wave. This effect leads to a shallower illumination of the chest cavity, and at a high 

enough frequency, only the chest surface is illuminated. The position variation due to 

heart motion at the chest and heart surface vary widely. Several studies’ results of heart 

motion at the chest surface were compiled in a table by Droitcour. This table has been 

consolidated into Fig. 2. On top of these studies, Obeid et. al published expected results 

from 0.2-0.5mm with experimental results close to 0.3mm [7], and Aardal published 

experimental results close to 1mm [8]. It is assumed heart motion is approximately 0.1-

1mm at the chest surface due to these results. This motion is the result of damped heart 

motion by the tissue between the heart and the chest wall. Since the range of chest motion 

is effected by penetration depth, there should exist a point where the microwaves are no 

longer able to penetrate the tissue of the patient to a sufficient depth. Thus, all motion can 

then be attributed to the chest wall. This behavior suggests there is an optimal point on 

the interval from 10GHz to 18GHz where the penetration becomes negligible and an 

increase in wavelength produces less benefit than a lower frequency system [8]. This 

trade-off holds true until extremely high frequencies; however, these systems are more 

expensive to manufacture and have higher phase noise. A recommended first step in 

creating this radar system is to choose an optimum frequency value between 10GHz and 

18GHz. 
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Fig. 2 Chest Displacement from Heart Motion [6]. 
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Radar Configuration 
 

The next step in the design of a radar system is to choose the radar configuration. 

To choose a radar configuration, a well-defined problem is required to determine an 

acceptable solution. For this project, it was assumed there was a single moving target (the 

patient) who had periodic heart and lung motion. It was also assumed the patient would 

be in a highly controlled operating room with walls covered in microwave absorber. This 

definition of the problem facilitates the choice of a preferred radar configuration.  

Fig. 3 provides a list of the various radar configurations which are available. 

Primary radar transmits a signal and listens for a reflection. An example of a primary 

radar is a Doppler weather radar used to measure reflections off of moisture in the 

atmosphere. Secondary radar broadcasts a signal, then listens for an acknowledgement 

and data stream from an independent transmitter, such as an aircraft transponder (which 

provides friend or foe identification) on military aircraft. For primary radar, the two main 

types are continuous wave radar (CWR) and pulsed radar (PR). 

 

 

 

Fig. 3 Radar Configurations [9]. 
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CWR, in its purest sense, broadcasts a single frequency while it simultaneously 

listens for reflections from surrounding targets. Non-stationary targets cause a Doppler 

shift in the received frequency. This effect causes the reflected waves to be pushed 

toward the radar, increasing their frequency, or the reflected waves to be pulled away 

from the transmitter, decreasing their frequency. This phenomenon is described in (6). 

 fD =
2fcv

c
 (6) 

The term fD is the Doppler shift in Hz, fc is the center frequency of the radar in Hz, v is 

the velocity of the object in m/s and c is the speed of light in m/s. This Doppler frequency 

modulates the carrier frequency and the radar demodulates the returned signal, which 

removes the center frequency, so that only the Doppler shifted information remains. This 

demodulated signal contains unambiguous velocity information on all moving targets 

illuminated by the radar; however, it does not provide definite range information. 

Definite range information is not obtainable without some kind of knowledge of when a 

particular waveform segment was transmitted. For a CWR, a frequency modulation 

scheme is typically implemented. This leads to a frequency modulated continuous wave 

radar (FMCWR). 

Instead of a monotone frequency, FMCWR implements a frequency chirp 

operation to transmit a signal containing various frequencies. This chirp is either an 

increase or decrease in the transmit frequency with respect to time. This modulation 

allows range information to be collected since the transmit time of various frequencies 

are known. Velocity information is still obtainable from the Doppler shift of the returned 

signal. An example of a sawtooth waveform chirp and its reflection off a moving object 

can be seen in Fig. 4. The Doppler frequency, which contains the velocity information, is 
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represented by fD. The red trace depicts the transmit waveform and the green trace 

depicts the received waveform. There are other waveforms which can be used with 

FMCWR; however, they will not be discussed here. 

 

 
Fig. 4 Sawtooth Frequency Modulation Scheme [10]. 

 
 
 The main advantages of using CWRs is their ability to precisely determine 

velocity, and their simple architecture, which makes them easier to manufacture. An 

example of CWR architecture can be seen in Fig. 5. Compared to PR systems, CWRs are 

inexpensive and straightforward to implement in hardware. This makes them an attractive 

choice in markets where price is competitive. CWRs excel at velocity measurements, 

while FMCWRs are able to generate a clearer picture at short range with relatively 

inexpensive hardware when compared to a PR. The trade-off is, if there are a large 

number of targets, the signal processing requirements for FMCWR can become intense if 

conventional Fourier analysis with Fast Fourier Transforms (FFT) is used. On top of this, 

a CWR signal can become muddied with velocity information of non-target objects. 
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There is also an upper limit on the amount of power a CWR can transmit due to isolation 

problems between transmitter and receiver. This in turn limits transmission to about 

1MW. However, this limitation is not a problem in this particular application since a 

megawatt is well above the safe power limit for a human subject.  

 

 
Fig. 5 CW Architecture (a) vs. Pulsed Architecture (b) [11]. 

 
 
 PR is another radar configuration and a simple system design can be seen in Fig. 

5. In this system, the radar transmits a pulse and then listens for its echo. The major 

equation to be considered for this architecture is given below: 

 R =
ct
2

. (7) 

The variable R is the range in m, c is the speed of light in m/s, and t is the transit time of 

the wave in s. This relation makes it possible to determine the range to targets, based on 

how long a wave takes to travel round trip from an antenna to a target. This equation is 

also applicable to FMCWR pulse range measurements. PR systems generally require 

more complicated hardware designs. This is due to their broadband nature, as well as 

their requirement of fast switches (duplexers) which are needed to convert between 

transmit and receive functions. PRs can identify and track specific targets at large 

12 



distances, and remove stationary objects from their field of view by use of various 

background subtraction techniques more easily than FMCWR. They do require a 

minimum distance to the target, as determined by the transmit/receive switch speed; 

however, this limitation can be overcome with high-quality components and good system 

design. Below in Fig. 6 is a list of radar configuration trade-offs, published by Yazhou. 

 

 

 
Fig. 6 Antenna Configuration Trade-off [12]. 
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 With these strengths and weaknesses of each configuration in mind, there are 

some fundamental limits associated with both kinds of radar which transmit modulated 

signals (FMCWR and PR). The first is referred to as the “Doppler Dilemma”, which 

limits the max velocity and range a radar system can determine unambiguously 

simultaneously. The maximum detectable unambiguous range of a radar is given by 

The maximum detectable unambiguous velocity is given by 

 vmax =
λ ∗ PRF

4
. (9) 

In the two equations above, the PRF is the pulse repetition frequency in Hz, or the inverse 

of the time delay between the starts of two consecutive transmitted waveforms. These 

equations predict the max range and velocity detection a system is able to achieve, and 

since they are inversely related, can limit a system’s performance. They should not cause 

problems in this specific application, since the max range and velocity measured are both 

extremely small [13]. However, they can be confused with resolution limits. The range 

resolution, or the minimum required distance between two targets to resolve both 

unambiguously in range is given below: 

 δR =
cτ
2

=
c

2BW
. (10) 

Above, BW is the bandwidth of the transmitted signal in Hz, and τ , for a PR, is the pulse 

width or duration of the transmitted pulse in s. This equation is derived from the range 

equation given in (7); however, it takes into account that the pulse is not a perfect 

impulse. Because of this, targets which are too close together will reflect interfering 

pulses. Fig. 7 illustrates the problem. The range resolution of the system below is 

 Rmax =
c

2PRF
. (8) 
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calculated to be 150m, which is the separation distance two targets need to have in order 

to obtain two separable pulse returns. On the right (see below), this criterion is met; 

however, on the left, instead of seeing two distinct pulses, the two pulses overlap. This 

overlap makes it difficult to process the return signal since it is now the sum of two 

distorted reflections off unknown targets. 

 

 
 

Velocity resolution is similar to range resolution, but it is the ability of a radar to 

distinguish two unique objects with different velocities at the same range. To resolve the 

targets, their Doppler shifts must differ by the velocity resolution which is depicted by 

the following: 

 δv =
cfD
2fc

=
λΔfD

2
=  

λ
2T

. (11) 

Shown above, T is the dwell time, or the sampling time required to resolve the given 

Doppler shift. The ΔfD term is used to show the frequency difference of the two target’s 

Doppler shifts. Equations (10) and (11) assume constant Doppler and time shifts [3]. 

 
Fig. 7 Range Resolution Example [10]. 
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 For CWR, the velocity resolution can be used to separate the motion of the lungs 

from the motion of the heart. However, a low-noise system with in-phase and quadrature 

configuration in the receiver (discussed later) is able to gather accurate relative phase 

shifts from the targets. Measurement of these phase shifts removes the need for a large 

sampling window to resolve small Doppler shifts (less than 10Hz). The velocity 

information is not lost when this technique is employed since the derivative of phase 

yields velocity. Phase was defined earlier, and its derivative can be described as follows: 

 dϕ
dt

=
4πvfc

c
= 2πfD. (12) 

The term dϕ
dt

 is the derivative of the phase measured in radians/second, which is equal to 

the Doppler frequency found in (6) multiplied by 2π. The above relationship allows the 

instantaneous velocity of a target to be calculated from the slope of the phase shift. This 

calculation is most easily accomplished for a CWR since it uses a monotone signal; 

however, it is possible to extend the method to FMCWR and PR. 

 When a measurement of the chest motion is taken, one of the most important 

factors is accuracy. It is important to know how much error is associated with the range 

measurement to the chest, and possibly the velocity measurement as well. The largest 

source of error associated with the measurements comes from the SNR of the target. 

There are other sources of error which can be modelled by the equation below: 

 σR = �
δR2

2nSNR
+
σRF2

n
+ σRB2 �

1
2

. (13) 

The precision of the range measurement is given by σR in m, and is equal to the sum of 

three noise components. The first of these is the ratio of the range resolution to the SNR, 

which normally dominates the noise in the system. The factor n denotes the number of 
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pulses integrated in the measurement. The term σRF denotes the additive radio frequency 

system noise produced by components in the radar receiver. The term σRB is included to 

account for a biasing error [14]. Since the final two terms can be designed to be 

negligible, the above equation can be rewritten as follows: 

 σR =
δR

√2SNR
=

c
2BW �

(4π)3R4kTBη

 PTGTGRλ2σ
�

1
2

. (14) 

The result for range precision takes the SNR for the radar received power, by 

substitution of (2) into (1), and combines it with range resolution. This equation predicts 

the smallest range a target must move in order to be accurately observed, based on pulse 

timing information. 

Similarly, for velocity precision, the governing equation can be described as 

follows: 

 σV =
δv

√2SNR.
 (15) 

This equation is identical to the range precision, except with velocity resolution used in 

place of range resolution. This equation dictates the smallest measurable steps between 

various Doppler shifts of a single target. 

 It is possible to achieve better relative precision on targets if phase precision is 

implemented. This implementation allows the distance of moving targets with small 

changes in range, relative to a wavelength, to be calculated more precisely. This option 

will be discussed more in the phase noise chapter for CWR. This principle is easiest to 

exploit with a CWR since the transmit frequency is monotone, but can also be done with 

FMCWR and PR. 
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 In the previous section, chest motion associated with the heart motion was 

estimated to be 0.1-1mm. This motion occurs in approximately 1/10th of a second. 

Therefore, the velocity is approximately 0.1-1cm/s. A CWR system with high phase 

precision is able to detect this relative motion and velocity. To detect this with a FMCWR 

or PR, without the use of phase precision, the range precision would require a high SNR 

and BW. The SNR off the heart is generally low because of its small RCS, which would 

require the BW to be large. To resolve the velocity would require a long sampling time, 

since the signal off the heart has a small SNR. Based off this information, it is likely that 

all radar configurations would require some kind of phase detection in order to 

successfully measure micro-Doppler signals. Since CWRs are the cheapest and most 

straightforward to design, and it is assumed the patient will produce the only moving 

targets in a well-defined environment, a CWR configuration is recommended to solve 

this problem. 

 
Transmitter Architecture 
 
 The transmitter for a CWR requires a stable, low-noise signal source, which is the 

most complicated part of the design. Some possible choices are frequency synthesizers, 

phase-locked loops (PLL), or low-noise voltage controlled oscillators (VCO). The 

important criterion is low phase noise on the output signal. This topic will be discussed in 

more detail in the phase noise subsection in this chapter. As can be seen in Fig. 8, the 

transmitter does not require a lot of other components, so the primary design effort for a 

CWR would go into the generation of a low-noise, constant-frequency sinusoid. For the 

specific application of monitoring chest motion, a power amplifier (PA) may not be 

required, since some signal sources are able to generate a power greater than 10dBm (the 

18 



power level used in experimentation). On top of this, the PAs can add to the system 

noise, which may outweigh the benefits they provide from increased transmit and 

received power, according to the radar range equation (1).  

The only other necessary components would be well-designed transmission lines 

and couplers. To convert the system to a bistatic radar (two antennas), the duplexer would 

be removed, and two antennas would be installed as follows: one at the output of the PA 

and one at the input of the low-noise amplifier (LNA). The bistatic configuration would 

allow for better isolation between channels, and could be modified to have multiple 

receive channels for a redundant system. Since isolation should not be a problem at lower 

power levels, a single, high-quality antenna could keep total system cost low without a 

major impact on system performance. 

 

 
 
Receiver Architecture 
 
 Receiver architecture is where the majority of the hardware design effort for this 

project will be required. Homodyne and heterodyne configurations will be compared; and 

the benefits of in-phase and quadrature (I&Q) channels will be discussed. 

 
Fig. 8 Homodyne CW Radar Transceiver Architecture [15]. 
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 A homodyne receiver is the simplest receiver architecture. This configuration 

mixes the received waveform with a sample of the transmitted waveform to bring the 

received signal down to baseband. Compared to a heterodyne receiver, a homodyne is 

less expensive and simpler to implement. A homodyne configuration typically contains a 

mixer, two amplifiers, and a filter (designed specific to the application). An example of 

this system can be seen in Fig. 8. 

 A heterodyne receiver is a more complicated architecture. In this configuration, 

instead of immediately mixing to baseband, the received frequency is mixed with a local 

oscillator (LO) to down convert the received signal to an intermediate frequency (usually 

around 1GHz). This signal is then filtered with a high-quality, band-pass filter to remove 

out-of-band noise, and the result is then mixed again to bring the filtered signal down to 

baseband. This design allows for higher signal gain than is typically available at radio 

frequencies (RF), and avoids low-frequency noise. It is also possible to tune the LO 

frequency to receive signals on different frequency carriers (e.g. TV channels, radio 

stations). An example of this system can be seen in Fig. 9. 

For a heart motion monitoring radar, the Doppler shift observed will be 

approximately 6Hz, given a 10GHz carrier. This response characteristic means the signal 

will be close to the noisy clutter and phase noise of the oscillator anyway. Since the 

operating frequency of the system will most likely be single channel, a heterodyne 

receiver that permits switching between channels provides little benefit over a homodyne 

receiver. 
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 In-phase and quadrature (I&Q) receivers are an interesting application of a special 

RF circuit phenomenon. These receivers contain a quadrature coupler, or other variant, 

which takes a received signal and splits it into two identical signals which are out of 

phase by 90 degrees. This architecture provides directional information about the rotation 

of the phase of a received wave. This information translates directly to whether the 

velocity of the target is toward or away from the radar. On top of this, an I&Q channel 

helps to eliminate the “null point” problem; wherein the local carrier frequency and 

return signal are close to being in-phase. With an I&Q channel, information from both 

channels can be used to calculate the phase at all times. This allows targets to be 

positioned anywhere in the room without fear of blind spots [6]. The downside is a more 

complex RF design and added cost to the final product.  

Based on the above information, the homodyne and heterodyne receiver 

configurations have similar performance for this application. Since the homodyne is less 

expensive, it is recommended for the system. I&Q channels will provide the ability to 

determine direction of phase rotation without blind spots. This ability would make the 

 
Fig. 9 Heterodyne CWR Transceiver Architecture [15]. 
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product safer and more user-friendly. Since the addition is convenient for the designer 

and the end user (at an acceptable cost in terms of extra components, most of which are 

couplers), I&Q channels are highly recommended.  

 
Antennas  
 
 Antennas have the broadest influence on the radar system performance. A quick 

look at the radar range equation given in (1), provides that all the parameters that are 

affected by the choice of antennas, with the exception of RCS. How well the antenna 

impedance is matched to the system directly impacts the total transmitted and received 

power.  

 The wavelength for an antenna, and the aperture size, determine the distance to 

the far field. This relationship can be explained by the equation below: 

 df =
2D2

λ
 (16) 

where df is the distance from the antenna to the far field in m, and D is the largest 

dimension of the antenna in m. Targets in the far field region are desired because this 

allows for the use of the plane wave approximation, which greatly reduces computational 

complexity. The gain of an antenna can be described by the following equation: 

 G = ηDIR (17) 

where η is the efficiency of the antenna, and DIR is the directivity (both unitless). The 

efficiency is given as follows: 

 η =
Prad

Prad + Ploss
 (18) 

where Prad and Ploss are the radiated and lost power in watts, respectively. This 

expression is the ratio of the power radiated, over the total power sent by the system to 
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the antenna. As in most applications, high efficiency is desired, but is limited by real 

components. The directivity of an antenna can be approximated as: 

 DIR =
4πD2

λ2
 (19) 

where D is the largest dimension of the antenna in m. The Directivity of the antenna was 

discussed earlier, but to reiterate, it is how well the antenna radiates energy in a single 

direction. A high directivity means that the antenna transmits most of its power in a 

single direction. Therefore, a high-gain means the antenna efficiently transmits its power 

in a single direction. 

 An investigation of (16) and (19) reveals both are dependent on wavelength and 

the largest antenna dimension. Here, there is a trade-off for FMCWR and PR. The 

problem is that special broadband antennas are needed in these systems, as they require a 

larger aperture to launch large wavelength components of the signals. However, these 

antennas also launch small wavelength components, but since the aperture must be large 

to launch large wavelength components, the distance to the far field for small wavelength 

components is increased. The observation that these broadband antennas can have a far 

field distance larger than the max detection range, given by the radar range equation (1), 

was an additional reason the CWR configuration was chosen for this project. 

For a CWR, the chosen antennas should have high-gain to maximize target 

illumination. Since operation is at a single frequency, antenna design should maximize 

gain and minimize the distance to the far field. A large portion of the system budget 

should be invested into a single, high-quality antenna. 
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Phase Noise 
 
 Phase noise is the primary problem which would be encountered with a CWR. 

Phase noise is observed as the deviation of the oscillator frequency spectrum, from an 

ideal impulse. Since an impulse is impossible to generate, phase noise will always be 

present. The only way to decrease this phase noise is to increase the quality of the 

oscillator [16]. 

 Phase noise can distort a signal in two ways which can be seen below. 

 S(t) = (A0 + Aη)cos (ωt + ϕη) (20) 

The term A0 is the amplitude of the signal, Aη is the amplitude noise of the signal, ωt is 

the expected phase of the oscillator, and ϕη represents phase noise. Here, the amplitude 

noise and phase noise are both results of the imperfections in the oscillator output. 

Undheim gives some examples of how different components, such as amplifiers and 

mixers, contribute to this phase noise as the signal propagates through the system [17]. 

Phase noise is the most important criterion for the CWR system because it 

determines the precision of the relative range measurements. In general, a VCO will 

generate a frequency spectrum similar to what is shown in Fig. 10. For simplicity, it is 

standard practice to express phase noise based upon half of the signal, or single sideband 

phase noise (SSBPN) as seen in Fig. 11. This can be modeled by the equation below. 

 Sϕ(f) = 2L(f) (21) 

This simply states that twice the SSBPN, L(f), is equal to the total noise power, Sϕ(f); 

both are measured in rad2/Hz.  
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Phase jitter is the time domain representation of phase noise. For a heartbeat 

radar, the rms phase jitter should be as low as possible, so that the heart beat phase shifts 

 
Fig. 10 Frequency Spectrum of VCO [18]. 

 
Fig. 11 Single Sideband Frequency Spectrum of VCO [18]. 
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are clearly distinguishable. The rms phase jitter should be less than the minimum 

expected phase shift from heart motion. The equation for rms phase jitter is given below. 

 σϕ = �� Sϕ(f)df
∞

0
= �2� L(f)df

∞

0
 (22) 

The term σϕ is the rms phase jitter or phase precision, in radians. 

An example of how to calculate the phase precision of a source is presented 

below. The specific product examined was the HMC778LP6CE, an ultralow-noise 

10GHz PLL. The SSBPN plot is given in Fig. 12, which was taken from the datasheet for 

this product. To make this calculation, the first step is to calculate the approximate noise 

power under the SSBPN curve. To do this, one multiplies the approximate phase noise by 

the frequency span in a piecewise fashion. So for the area shown in Fig. 12, this can be 

calculated as follows; but, since the design is for a 10GHz source, a fourth area needs to 

be calculated out to twice the operating frequency. 

A1102−104Hz = 10−
100
10 ∗ (104 − 102) = 9.9 ∗ 10−7 

A2104−105Hz = 10−
110
10 ∗ (105 − 104) = 9 ∗ 10−7 

A3105−107Hz = 10−
135
10 ∗ (107 − 105) = 3.131 ∗ 10−7 

A4107−(2∗1010)Hz = 10−
160
10 ∗ (2 ∗ 1010 − 107) = 2 ∗ 10−6 

The sum of A1 to A4 is approximately equal to the integral of the SSBPN, or L(f), for 

this oscillator [19]. To solve, place this approximation into (22) to achieve the result. 

σϕ = �2(A1 + A2 + A3 + A4) = .003rad =  .172deg 
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From this result, it can be seen the HMC778LP6CE phase precision is adequate to 

measure the expected phase shift of 2.4 to 24 degrees from heart motion. The cost of this 

IC was 761 USD at the time of this writing. 

 Since the best way to minimize phase noise is to have a precise source, a large 

portion of the system budget should be invested into this subsystem. Careful design 

consideration of the phase noise propagation through RF components is also necessary to 

maintain low phase noise. 

 
Electromagnetic Introduction 

 
 Since Radar is dependent on the principles of electromagnetics, a review of some 

of the important topics to monitor heart motion with a radar will be reviewed. A more 

comprehensive review can be found in [2]. 

 
Fig. 12 SSBPN of Hittite Microwave HMC778LP6CE [20]. 
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Material Properties 
 
 Material properties are a large consideration for this project since they directly 

affect most aspects of microwave propagation. They will be discussed here as they 

pertain to this project. 

 The fundamental material properties, as related to electromagnetic waves in a 

vacuum, are defined below.  

 µ0 = 4π ∗ 10−7 H/m (23) 

 ϵ0 = 8.85 ∗ 10−12 F/m (24) 

The term µ0 is the electric permeability of free space in H/m and ϵ0 is the electric 

permittivity of free space in F/m. These properties are used to model how electric and 

magnetic fields are affected by their environments, according to the constitutive relations 

which relate magnetic and electric fields to their flux densities, as seen below. 

 B = µH (25) 

 D = ϵE (26) 

Here however, instead of vacuum permeability and permittivity being used, these values 

have been adjusted to account for actual material properties.  

 µ = µ0µr (27) 

 ϵ = ϵ0ϵr (28) 

These equations simply relate actual materials’ permeability and permittivity, to free 

space, with relative values given by µr and ϵr. For the rest of this paper, µr will be 

assumed to be 1, since the amounts of magnetic materials present within the body should 

be negligible. 
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 It is difficult to model how a material will behave over large ranges of frequency 

or temperature swings. For this reason, research is usually conducted where a given 

material is measured over a large range of frequencies and or temperatures. Below in Fig. 

13, the red trace shows the wide range of relative permittivity values observed for water, 

at various frequencies and temperatures. It is important to note that, when there is a peak 

in the blue curve (which represents the imaginary part of the relative permittivity) there is 

a drop in the red curve (which represents the real part of the permittivity). The exact 

frequencies of this occurrence vary based on the lattice construction of the specific 

molecule. 

 From this subsection, it is important to note that most materials have unique, 

frequency dependent electrical properties. These properties play an important role in the 

image produced by a radar. Due to a lack of various relaxations, lower frequency radio 

waves can obtain more distinct permittivity information from a subject. On top of this, 

permittivity directly affects fundamental electromagnetic transmission principles, such as 

transmission and reflection at boundaries. It also affects the speed of light in a material 

which can be demonstrated by the equation below. 

 c =
1

�µrµ0ϵrϵ0
= fλ 

(29) 

This relationship dictates, that for a material like water with a relative permittivity of 81, 

the speed of light will be 1/9th the value observed in a vacuum. This fact has a direct 

effect on the wavelength for a chosen frequency. These principles also affect the skin 

depth, which will be discussed in the next section. 
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Material properties should be on the designer’s mind throughout the fabrication of 

a heart motion detecting radar. A list of material properties for many human tissues was 

published by Andreuccetti et. al [21].  

 

 
Fig. 13 Real and Imaginary 𝝐𝝐𝒓𝒓 of Water with Respect to Freq. and Temp. [22]. 

 

Skin Depth 
 
 The skin depth is a measure of how far the RF radiation, transmitted by the radar, 

travels into the patient’s chest. This distance can be derived from electromagnetic theory 

for a propagating electric field in a lossy medium, defined in the following equation: 

 E��⃗ (z) = E0+e−γz. (30) 

The term E��⃗ (z) is the electric field intensity along the z axis, and Eo+e−γz represents a 

wave traveling in the forward z direction. This wave has an amplitude (represented by 

30 



E0), and a special constant called the propagation coefficient, which is defined by γ. This 

propagation coefficient can be further defined as: 

 γ = α + jβ (31) 

where α is the attenuation constant and β is the phase constant. The attenuation constant 

is used to determine the amount of energy remaining as the wave travels through a lossy 

material, and the phase constant tracks the wave cycle through its periodic motion. These 

coefficients can be defined as follows. 

 α = ω�µϵ�
1
2

 ��1 + �
σ
ωϵ
�
2
− 1��

1
2

 (32) 

 β = ω�µϵ�
1
2

 ��1 + �
σ
ωϵ
�
2

+ 1��

1
2

 (33) 

Here, ω is the angular frequency in rad/m, µ is the magnetic permeability of the material 

in H/m, ϵ is the electrical permittivity of the material in F/m, and σ is the conductivity of 

the material in S/m. The α term is measured in Nep/m and the β term is measured in 

rad/m. The mathematical definition for skin depth simply follows as the inverse of the 

attenuation constant.  

 δs =
1
α

 (34) 

This measure for skin depth models how far into a given material electromagnetic waves 

can penetrate before they attenuate to e−1, or 37% of their original intensity. This value 

corresponds to a loss of approximately 8.7dB per skin depth, with respect to the original 

electric field intensity. 
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 It is important to note that the skin depth decreases as the frequency of the 

radiation increases. For instance, a wave in fat at 1GHz has a penetration depth of 

approximately 0.232m; whereas, a 10GHz wave in the same material has a penetration 

depth of approximately 0.020m. The average male internal chest wall to heart apex is 

approximately 0.028m [23]. Since the depth of the heart is calculated two ways since a 

radar is used, it follows that the 1GHz wave will not experience a full skin depth while 

the 10GHz wave will experience close to 3. In other words, the 1GHz wave traveling in 

fat will experience significantly less attenuation than the 10GHz wave in the same 

material. 

Since skin depth decreases as the frequency of the incident wave increases, it will 

be important to gather more accurate models for the material composition between the 

chest and heart wall of the average patient. This material composition will determine the 

optimum frequency at which reflections off the heart surface can be measured, without 

suffering too much attenuation. 
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CHAPTER THREE 
 

Proof of Concept 
 

 
 In the previous chapter, pertinent theory for the construction of a chest motion 

sensing radar for medical use was presented. In this chapter, relevant information with 

regard to the proof of concept and several signal processing techniques will be presented.  

 
Equipment 

 
 
Sparkfun AD8232 Single Lead Electrocardiogram (ECG) 
 
 The AD8232 is a single lead analog ECG on a chip, manufactured by Analog 

Devices. The integrated circuit (IC) was inexpensive, with a cost of 5 USD at the time 

this thesis was written. To save time on development, a prefabricated board with 

integrated AD8232 was obtained from SparkFun Electronics for 20 USD. ECG leads 

designed for the SparkFun board and an Arduino Uno were also purchased. 

As can be seen in Fig. 14, a picture of the actual layout of the prefabricated board 

is presented. The only hook-ups used were the ground (GND), 3.3V, and output. The 

analog output of the system was read with a high resolution LeCroy Oscilloscope. For 

proof of concept, this board was able to consistently pick up P wave, QRS complex, T 

wave, and U wave, which are the vital waveform components for the PT application. 
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HDO4054 Teledyne LeCroy 
 
 The HDO4054 Teledyne LeCroy is a digital oscilloscope used to measure the 

voltage waveforms generated by the SparkFun AD8232 ECG. This LeCroy is able to be 

placed in a PLL with other instruments containing a 10MHz clock sync port. This allows 

multiple lab instruments to be connected, and then configured to capture simultaneously 

while all instruments trigger off a shared clock signal. The max sampling rate of the 

LeCroy is 2.5GS/s, which is well above the Nyquist rate required to sample the ECG. The 

ADC resolution is 12bits, which allows for easy detection of P, QRS complex, T, and U 

waves in the ECG signal. 

 
PNA-L 
 
 A microwave two-port PNA-L vector network analyzer (VNA) was used in the 

majority of this work. The frequency range was from 300kHz to 13.5GHz. The network 

 

Fig. 14 SparkFun Single Lead Electrocardiogram on a Chip (AD8232) [24]. 
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analyzer was operated in CW mode at 10GHz, with an IF BW of 1kHz. A single low-gain 

antenna was used, and the reflection coefficient was measured. 

 
Theory of Operation 

 
The received signal can be modelled by the following equation: 

 EΓ(t) = EΓ cos�ωt − βz + ϕη�. (35) 

The signal has phase shifts, due to interactions with moving and stationary targets in the 

radars field of view. The βz term accounts for the entire distance the signal travels. By 

expansion of (35) the total received signal can be thought of as the sum of all discrete 

reflections given by: 

 EΓ(t) = Σ[A1Γ cos(θ1) + A2Γcos (θ2) + A3Γ cos(θ3) + ⋯]. (36) 

Here, each AxΓ cos(θx) represents a reflected component present at the receiver, each of 

which have had their phase from (35) replaced by θx. The sum of these reflected phasors 

gives the received amplitude and phase at a given time. Now for a stationary object such 

as a wall, the reflected component can be rewritten from (35) by substitution of the 

distance to the target, in terms of wavelengths, into βz. 

 EΓstationary(t) = EΓcos (ωt −
4πR
λ

+ ϕη) (37) 

A target with a small range of periodic motion, such as the chest from heart motion, can 

be written as (37) extended by (5). 

 EΓmoving(t) = AΓcos (ωt −
4πR
λ

−
4πR(t)
λ

+ ϕη) (38) 

In these equations, R represents the range to the target in m, R(t) represents the range of 

motion of the chest wall in m, and λ is the wavelength in m. The factor 4π accounts for 

the two-way travel of the wave [6]. Since the transmitted phase, ωt, is eliminated by 
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mixing, the only phase component left, other than noise, is dependent on the distance to 

stationary clutter. The stationary objects in a room will have a constant phase response. 

However, objects with periodic motion will display oscillations in their phase vectors 

with respect to time. 

The problem in real life, is that stationary and moving targets are illuminated 

simultaneously by the CWR. This situation can lead to a relatively large power reflection 

from stationary clutter, and a relatively small power from the desired chest motion. Fig. 

15 illustrates this phenomenon, where As and ϕs represent the amplitude and phase of 

stationary objects respectively; and Am and ϕm represent the amplitude and phase of 

objects in motion. Now, given that these two separate phasors are vectors, they can be 

added head to tail to provide the resultant amplitude and phase measurements at the 

receiver. An offset phase term, ϕ0, is used to provide a phase reference at the head of the 

stationary vector, and Δϕ denotes the phase shift from the stationary vector to the center 

of the motion vector. The mathematical representation is given below. 

 Δϕ = ϕ0 − ϕs (39) 

The final amplitude and phase at the receiver are denoted by A and ϕ. This operation 

shows the phase shift from targets in motion is not only contained in ϕ, but also appears 

as amplitude modulation. If a signal is dominated by stationary clutter, this signal 

component reduces the SNR of the motion vector, or in other words, it causes the 

majority of the total amplitude of the return signal to be from stationary clutter. 

 
Experiment 

 
 The experiment was straightforward. The VNA was configured to CW mode with 

a frequency of 10GHz and an IF bandwidth of 1kHz. This system was connected in a 
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PLL with the LeCroy Oscilloscope, which collected the ECG waveform. A low-gain horn 

antenna was used; however, the exact gain is unknown (expected to be less than10dBi). 

 

 
Fig. 15 Demonstration of Reflections off Clutter and Moving Target [8]. 

 
 

 The test subject was hooked up to the ECG in ECG configuration II (shown in 

Fig. 16), and positioned in a chair half a meter away from the VNA antenna. The VNA 

antenna was aimed at the apex beat, or position of maximum heart motion. The ECG and 

VNA were configured to collect data simultaneously for a period of 25 seconds. 
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Fig. 16 ECG Configuration II [24]. 

 
 

Signal Processing 
 

After the experiment was conducted and data successfully gathered, several signal 

processing methods were used to analyze the data. The techniques used will be discussed 

here, and their implemented results will be discussed in chapter four. Most of the 

methods attempted were time-frequency representations, which will most likely be overly 

robust since the number of received motion signals will be close to two. These methods 

may prove useful in the development of an algorithm to predict future heart beats; 

however, minimal signal processing on the time domain would provide adequate results 

to determine a window of operation for PT. 

 
Short Time Fourier Transform (STFT) 
 
 The STFT is an extension of the Fourier Transform (FT). STFTs were developed 

for use on real signals to provide a time-frequency representation, since an ideal FT 

provides frequency without time information. The FT definition is as follows: 

 X(f) = � x(t)
∞

−∞
e−j2πft dt. (40) 
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The term X(f) is the frequency domain signal (or spectra), and x(t) is the time domain 

signal. The previous equation can be inverted as follows: 

 x(t) = � X(f)
∞

−∞
ej2πft df. (41) 

The way the STFT allows simultaneous time-frequency information is through the 

application of a windowing function. A FT for the windowed section of the signal is 

calculated, and then conventionally listed vertically. The window is then shifted to the 

next desired time period. These vertical FTs are then aligned from left to right, based on 

the center of the time window which produced them, in order to yield a time-frequency 

representation of the data. This can be explained mathematically by the equation below. 

 S(t, f) = � x(t)w(t − τ)
∞

−∞
e−j2πft dτ  (42) 

The STFT is essentially the definition of the FT seen in (40), applied to the windowed 

signal x(t)w(t − τ) [25]. 

 There is a trade-off between the time and frequency domain resolution obtained, 

based on the chosen window. For instance, if the window is infinite in length, the STFT 

is a normal FT and has no frequency ambiguity. However, no information on the time 

domain is available. The inverse is a window the size of a single sample in the time 

domain. Due to this trade-off, the STFT resolution in a given domain is limited by the 

window length chosen. The distance a window is shifted also has an effect on the display. 

A shift of one sample provides a clear picture, but is more computationally intensive than 

if the window shifted by a larger interval of samples. Since the STFT has to compute a 

FFT with length equal to the window function for each position of the window, the STFT 

can become extremely computationally intensive. 
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Reassigned Joint Time Fourier Transform (RJTFT) 
 
 The RJTFT arose after the STFT as a way to obtain a clearer time-frequency 

representation of the data. As researchers experimented with the STFT, and attempted to 

produce better images, it was proposed that a matched filter be applied as the windowing 

function. The solution to this proposal was the Wigner-Ville Distribution (WVD) used in 

quantum mechanics. This distribution is defined in the equation which follows. 

 W(t, f) = � x �t +
τ
2
� x∗(t −

τ
2

)
∞

−∞
e−j2πft dτ  (43) 

The WVD is similar to the ambiguity function (a radar signal processing tool), and could 

be rewritten as the ambiguity function if the integral was take with respect to time. 

To circumvent problems associated with the quadratic nature of the WVD, a 

smoothing function was developed. However, the result of this function led to what was 

known as a spectrogram. A spectrogram of the STFT can be thought of as the absolute 

value of the STFT squared. With respect to the WVD, the spectrogram is defined below. 

 S(t, f) = �� Wx(τ, ξ)Ww(
∞

−∞
t − τ, f − ξ) dτdξ (44) 

The term Wx is the WVD of the desired function, Ww is the WVD of the windowing 

function (also known as the kernel function), and ξ represents the frequency offset similar 

to the time shift of τ. The kernel is usually designed to act as a low-pass filter to decrease 

the spurs created by the quadratic nature of the WVD; however, this design causes a point 

on a spectrogram to actually be a representation of a much larger continuum of values 

around the desired point, similar to the STFT. 
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To obtain higher precision, the center of mass is computed with respect to time 

and frequency. These values can be computed in the time t̂x(t, f) and frequency f̂x(t, f) 

domains as seen below. 

 t̂x(t, f) =
1

S(t, f)
�� τWx(τ, ξ)Ww(

∞

−∞
t − τ, f − ξ) dτdξ  (45) 

 f̂x(t, f) =
1

S(t, f)
�� ξWx(τ, ξ)Ww(

∞

−∞
t − τ, f − ξ) dτdξ  (46) 

From these center of mass calculations, the RJTFT can be defined. 

 R(t, f) = �� S(τ, ξ)δ(t − t̂x(τ, ξ), f − f̂x(τ, ξ))
∞

−∞
dτdξ  (47) 

The S(τ, ξ) term is the spectrogram calculation from (44), and the δ is a Dirac delta 

function, which reassigns the points from the spectrogram to their calculated centers of 

mass [26] [27]. 

 The RJTFT allows for easier readability of time-frequency representations but 

requires three times as many FFTs to compute. It provides a readable, time-frequency 

representation of information where continuous signals are used. 

 
Extended Kalman Filter (EKF) 
 
 The final signal processing technique which was employed for this thesis was the 

EKF. Unlike the STFT and RJTFT, the EKF is not usually used for time-frequency 

analysis of waveforms. Conventionally, the Kalman filter is used in guidance systems on 

missiles and aircraft to reduce the amount of noise in position measurements. This 

technique allows for accurate aircraft position measurements despite the noise of 

individual sensors. 
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 The Kalman filter uses multiple equations to predict the current state of the 

system, gather information on the actual state, and then correct based off the error 

between the two. This process is iterative, so initially, there is a significant amount of 

error between guesses and the actual state. As time progresses, this error is minimized 

and predictions converge to the actual values. The Kalman filter equations are given here. 

 x�k− = Ak x�k−1 + Bkuk−1 (48) 

 Pk− = AkPk−1Ak
T + Qk (49) 

 Kk = Pk−Hk
T�HkPk−Hk

T + Rk�
−1

 (50) 

 x�k = x�k− + Kk(zk − Hkx�k−) (51) 

 Pk = (I − KkHk)Pk− (52) 

 The predicted states, sometimes called the a priori states, are shown in (48) and 

(49). These equations approximate what the current state of the system and the noise will 

be from the previous time state. Initially, they are fed an educated guess to make it 

through the first iteration. A current time state is represented by a subscript k, and a 

previous time state, k-1. The superscript “-” is used to denote a state calculated in the 

previous iteration, and capital notation is used to represent matrices. The term x�k− is the 

state vector which keeps track of the state of the system; for an airplane, this would be the 

current location. Pk is the predicted error covariance, or how much error there is predicted 

to be. Ak represents the state transition matrix, a model for how the system behaves (i.e., 

a model for patient chest motion). Bk is the control matrix. This term will be ignored 

since there is no control over the motion of a patient. Qk is the estimated process error 

covariance. The process error covariance is difficult to determine and is often 

approximated through trial and error. 
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 In (50) the Kalman Gain Kk is calculated. This takes the a priori error calculation 

from the previous step, and observations from sensors (which are represented by the 

observation matrix H) along with the sensor estimated measurement noise R, and 

compares the sensor error against the predicted error. The result dictates whether to 

weight the prediction or actual sensor value more heavily for the current iteration. 

 The final two equations, (51) and (52), are the new state estimates. x�k is the new 

current estimate of the system state. Vector zk is an actual measurement from sensors, 

and Hkx�k− is the predicted measurement from those sensors. The difference between these 

two values, weighted by the Kalman gain, is used to adjust the current state estimate. The 

term Pk is the current error estimate of the system. The Kalman gain also adjusts the 

predicted error of the current state [28]. 

The way this was implemented as a time-frequency representation, was by 

assuming a signal was a monotone sinusoid, and all other information on the signal was 

considered noise. The designed EKF takes the state vector (assumed to be linear in the 

above Kalman Filter) and extends it to allow for multiple variables. In the developed 

filter for this report, the state vector had amplitude, frequency, and phase components 

which determined its update.  

 Since Kalman filters have been briefly introduced, derivations of the specific EKF 

used in this thesis will be provided. Equation (38), explained previously, has been 

rewritten for convenience. 

 EΓmoving(t) = AΓcos (ωt −
4πR
λ

−
4πR(t)
λ

+ ϕη)  

43 



Under the assumption the reflected waveform has been mixed with the transmitted 

waveform, and the system has been calibrated correctly for the distance to the target, the 

above can be simplified as follows: 

 = AΓ cos�
4πR(t)
λ

+ ϕη� = Σ[AΓ cos�ωt + ϕη�]. (53) 

The above equation represents the chest wall motion is the sum of various discrete 

phasors with respect to time. With this definition, given negligible phase noise, a model 

for the EKF is determined as follows: 

 x = AΓcos(ωt) (54) 

 ϕ = ωt (55) 

 ω = 2πf (56) 

where x is a sinusoid position at a given time, derived from a given amplitude AΓ and 

phase ϕ. To monitor more variables, the angular frequency ω is also included. The state 

equation can then be calculated from the time derivatives of the amplitude, phase, and 

angular frequency as follows: 

 

⎣
⎢
⎢
⎢
⎢
⎡

dϕ
dt
dω
dt

dAΓ

dt ⎦
⎥
⎥
⎥
⎥
⎤

= �
0 1 0
0 0 0
0 0 0

� �
ϕ
ω
AΓ

�. (57) 

Given the state matrix calculation, the transition matrix can then be computed as the 

identity matrix, plus the product of time and state matrix, seen in (58). 

 Ak = I + �
0 1 0
0 0 0
0 0 0

� t = �
1 t 0
0 1 0
0 0 1

� (58) 
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This model assumes the heart acts like an ideal oscillator, which is an overly simplistic 

model. However, since Kalman filters can produce good results with limited models, it 

was attempted. The measurement matrix Hk can be defined as follows: 

 Hk = �
dx
dϕ

dx
dω

dx
dAΓ

� = [−AΓsin(ϕ) 0 cos (ϕ)]. (59) 

The measurement noise, Rk, can be accounted for by multiplying the Identity matrix by 

some noise value σ (determined from the sensor data sheet), seen below. This noise was 

assumed to be extremely low for this experiment. 

 Rk = I ∗ σ2 (60) 

The process noise Q was calculated from amplitude noise and phase noise of the system. 

To start, the noise matrix Q is given in terms of amplitude and frequency noise as 

 Q = �
0 0 0
0 Qω 0
0 0 QAΓ

�. (61) 

Next, the process noise is calculated to be 

 Qk = � AkQATdt
t

 (62) 

which for this system can be calculated as follows: 

= � �
1 t 0
0 1 0
0 0 1

� �
0 0 0
0 Qω 0
0 0 QAΓ

� �
1 0 0
t 1 0
0 0 1

�dt
t

 

= � �
Qωt2 Qωt 0
Qωt Qω 0

0 0 QAΓ

� dt
t

. 

After integration, this leads to the process noise matrix 
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 Qk =

⎣
⎢
⎢
⎢
⎢
⎡Qωt3

3
Qωt2

2
0

Qωt2

2
Qωt 0

0 0 QAΓt⎦
⎥
⎥
⎥
⎥
⎤

. (63) 

With the calculation of important matrices completed, the EKF can be coded up in 

MATLAB and implemented [29]. Source code can be found in the appendix. 

 Although all applications of this software were used after the fact, the EKF can 

operate on real-time information, fed from a stream of radar measurements. This 

particular configuration, when run multiple times in parallel with varied initial guesses, 

gives a time-frequency representation similar to the RJTFT for the data. However, as 

time progresses, the EKF gets locked into a certain frequency value as noise is removed 

from the system. 
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CHAPTER FOUR 
 

Results 
 

Experimental Results 
 

After the experiment was conducted, files from the ECG and VNA were 

collected. The amplitude signal, measured in magnitude of the reflection coefficient, can 

be seen below in Fig. 17, and the phase signal (in degrees), can be seen in Fig. 18. The 

large spikes in the picture (around 8 and 18 seconds) are breathing events, and the small 

variations along the fairly steady sections are due to heart beats. The phase information 

was shifted down by 42 degrees to 0, in a simple calibration to remove clutter phase 

components. The phase information was used in the majority of the signal processing.  

If the chest moves between 0.1mm and 1mm, the phase motion of the chest 

should be between 2.4deg and 24deg respectively at 10GHz. Based on the collected data, 

lung induced motion was approximately 1mm and the heart induced motion was 0.1mm 

calculated from (5). However, this analysis fails to take into account that low-gain 

antennas were used. The measured signal is dominated by stationary clutter similar to 

Fig. 15 seen above on page 37. 

The next step taken after the initial collection of data was to pass the phase 

information through a high-pass Butterworth filter, having a cutoff frequency of 0.5Hz. 

This operation removed the low-frequency noise, or upward phase drift, seen in Fig. 18. 

The filter application can be seen in Fig. 19. The filter removes the frequency drift; 

however, it causes some distortion in the frequency domain.  
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To help illustrate the low-frequency distortion, the FT of the raw and filtered 

phase signals were taken. The results can be seen in Fig. 20 and Fig. 21 respectively. 

 

 

Fig. 17 Raw Chest Motion Magnitude Signal. 
 

 

Fig. 18 Raw Chest Motion Phase Signal. 
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Fig. 19 Filtered Chest Motion Phase Signal. 

 

 

Fig. 20 Raw Chest Motion Phase Signal FT. 
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Fig. 21 Filtered Chest Motion Phase Signal FT. 
 

As can be seen, the filter causes the first harmonic of the heart rate to move. In the 

raw signal, the frequency corresponds to a HR of 74.4 beats per minute (BPM). In the 

filtered signal, the frequency corresponds to 72 BPM. From the ECG run at the same time 

as the radar, the actual HR was determined to be 76.8 BPM. Since the filter has a cutoff 

of 1Hz, it negatively affects the first harmonic from which the above calculations were 

taken. However, it causes the new phase signal to be comprised more strongly of higher 

harmonics, which provide a cleaner time domain representation more closely simulating a 

movement-restricted patient. 

The ECG and filtered VNA radar signals are overlaid in the plots that follow. Fig. 

22 shows the entire ECG and VNA signal. However, due to the length of the signal, it is 

difficult to read even on a full page. For this reason, smaller segments of the signal are 

provided to show the periodicity of the VNA signal, with the ECG signal as reference. In 
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Fig. 23, Fig. 24, and Fig. 25, various zoomed-in views of the first few seconds of the 

filtered phase signal are given.  

From these figures, in the ECG waveform, the P wave, QRS complex, T wave, 

and U waves can be seen. The VNA signal also follows the ECG signal. The sharp peak 

in the VNA radar signal corresponds to the R wave, or large positive voltage spike in the 

QRS complex. This peak corresponds to the start of the left and right ventricle’s 

contraction. The approximate delay between the R wave and VNA radar spike is .04 

seconds. Artifacts related to the P and T waves appear in the VNA radar signal as well. 

Since the VNA results report in close to real-time with components similar to the ECG P 

wave, QRS complex, and T wave, the CWR could operate as an ECG replacement in the 

PT procedure. 

 
Signal Processing Results 

 
 
STFT Results 

 
The STFT was applied to the above signals by use of the MATLAB spectrogram 

function (specifics on this function can be found in the MATLAB help file). This 

function takes the theory for the STFT from the previous chapter and calculates the 

absolute value squared of the result to provide the spectrogram. The default window used 

is the Hamming window; however, this setting is easily modified. 
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Fig. 22 Filtered VNA and ECG, Full Signal. 
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Fig. 23 Filtered VNA and ECG, Five Seconds. 
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Fig. 24 Filtered VNA and ECG, Three Seconds. 
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Fig. 25 Filtered VNA and ECG, Two Periods. 
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The first set of results presented below are with a window of 4096 points. This 

size is approximately a 4 second window of the total VNA radar waveform. The 

windowing function is reapplied every 8 points in the original signal. This action gives a 

smooth spectrogram with a good amount of detail in the frequency domain. The color of 

the spectrogram indicates the intensity of the various frequency components. The colors 

begin with red as the highest magnitude, and follow the order of the rainbow to the 

lowest magnitude. In Fig. 26, a frequency out to 50Hz is provided. Higher frequency 

harmonics are present from heart motion, and are seen as periodic horizontal lines in the 

figure. An algorithm could be developed to accurately use these harmonics to determine 

the instantaneous HR, which could be beneficial for predictive algorithms. Around 8 

seconds and 18 seconds, these harmonics become weaker and there is a large frequency 

spike close to DC. This response corresponds to the times when the subject took a breath. 

Fig. 27 demonstrates the same information, except only out to 20Hz. The little 

dots visible in this spectrogram are time domain information associated with heart 

motion. Due to the long window length, this time information is difficult to extract; 

however, the horizontal frequency information is easy to extract. At higher frequencies, 

the harmonics are also more distinct than at lower frequencies. This behavior results 

because the Butterworth filter applied to the original signal (to fix drift) causes low-

frequency distortion. There are also low-frequency noise components caused by lung 

motion. 

The second set of results are similar to the first, except the window length has 

been reduced to 2048 points, which is approximately a two second window. Fig. 28 

shows a similar result to the previous STFT, extended to 50Hz, except now there are 

56 



vertical dots, and the horizontal frequency harmonics are less clear. There is still a large 

DC component at 8 and 18 seconds from lung motion. From this figure, frequency and 

time information can be extracted; however, there is some ambiguity in both domains, 

which is evident from the widths of the vertical row of dots and the height of the 

horizontal frequency harmonics. 

Fig. 29 shows the same information as Fig. 28, except only to 20Hz. From this 

figure, similar to in Fig. 27, the low-frequency information is distorted. However, at 

around 8-16Hz, the frequency harmonics and heart beat times are clearer. 

The next set of results used 1024 points, approximately one second of data. This 

data is shown up to 50Hz in Fig. 30. The frequency information is degraded; however, 

the time domain information has improved. Previously in Fig. 19 (the filtered VNA heart 

phase data), it was difficult to determine heart motion during lung motion. The STFT 

provides some timing information on the pulses which are distorted by the respiration 

signal. Choosing this window length allows some of the heart motion, which cannot be 

seen in Fig. 19, to be distinguished. 

Fig. 31 shows the same information as Fig. 30 up to 20Hz. The frequency 

harmonics from the previous examples have merged together to form less harmonics 

from 8Hz-16Hz, and the low-frequency information is still distorted. However, the 

ambiguous time information is now easier to detect; and heart motion, which was 

unreadable in the original signal, can be reconstructed. 

The final figure provided is a 512 point STFT, which is approximately a half 

second window. Fig. 32 shows the clearest information in the time domain but provides 

the least information in the frequency domain. The low-frequency breathing signal is still 
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evident at 8 and 18 seconds; however, the heart beat frequency information has become 

smeared. Timing of various components of the heart cycle become clearer in this figure, 

the most notable of which is the high-frequency QRS complex. 

The desired information determines which window should be chosen. Since an 

accurate measure of chest motion is collected by the VNA radar, this technique would 

most likely use a long window to track frequency harmonics in order to predict future 

heart and lung motion events. It is also possible to use a shorter window to extract unique 

timing information on heart and lung motion events that occur simultaneously. 

 
RJTFT Results 
 

The RJTFT was computed with the raspecgram function, given in a signal 

processing tool box developed by Fitz [30]. This function follows the format of the 

MATLAB spectrogram function but uses a Hanning window. On top of this, the 

minimum magnitude component desired is required as an input for the RJTFT. This 

causes the RJTFT to calculate frequency components above a threshold. Instead of a 

rainbow magnitude color scheme, the points are colored red for high magnitude, yellow 

for medium-high magnitude, green for medium magnitude, and blue for low magnitude. 

This feature causes some ambiguity in the RJTFT since there are only four possible 

magnitude bins.  

Fig. 33 demonstrates the 4096 point RJTFT on the filtered VNA signal, which is 

shifted 16 points for each measurement. The number of points were doubled from the 

STFT, because the amount of memory required for a shift value of 8 was significant. The 

4096 point RJTFT displays similar information to the STFT; however, it attempts to find 

local maxima in the signal. Similar to the STFT, there are several harmonics present that 
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Fig. 26 STFT 4096 pt. Chest Motion Phase Signal (Filter). 
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Fig. 27 STFT 4096 pt. Chest Motion Phase Signal (Filter). 
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Fig. 28 STFT 2048 pt. Chest Motion Phase Signal (Filter). 
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Fig. 29 STFT 2048 pt. Chest Motion Phase Signal (Filter). 
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Fig. 30 STFT 1024 pt. Chest Motion Phase Signal (Filter). 
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Fig. 31 STFT 1024 pt. Chest Motion Phase Signal (Filter). 

64 



 

Fig. 32 STFT 512 pt. Chest Motion Phase Signal (Filter). 
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can be used to project back and find the heart rate; however, since the window length is 

so long, precise time information was lost. The breathing events at 8 and 18 seconds are 

still evident by the high-magnitude, low-frequency signal. Unlike the STFT though, it is 

clearer where the frequency harmonics should be since they are calculated at the center of 

mass. 

Fig. 34 provides the 2048 point RJTFT. The information has better resolution in 

time, but also provides decent resolution in frequency. This figure provides an almost 

square-like pattern which represents heart beat times and frequency harmonics. Low-

frequency signals are still distorted, and high-frequency harmonics are fairly clear. 

Fig. 35 provides the 1024 point RJTFT. Like in the 1024 point STFT example, the 

time information of the heart beats is clearer while the frequency harmonics are more 

distorted.  

Since the RJTFT is so similar to the STFT, Fig. 36 thru Fig. 41 have been 

included with the RJTFT and STFT plotted on the same axis. They do not provide any 

new information, but provide a nice graphic to display the comparison between the two 

techniques. The figures will not be discussed further since they provide information 

already discussed. 

The RJTFT can be used to provide a more precise time-frequency prediction 

based on a center of mass method. However, the accuracy of the prediction is still 

dependent on window length. Since this algorithm consumes a considerable amount of 

processing power, it could be used to predict future heart beats; however, use in real-time 

processing is unrealistic. 
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Fig. 33 RJTFT 4096 pt. Chest Motion Phase Signal (Filter). 
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Fig. 34 RJTFT 2048 pt. Chest Motion Phase Signal (Filter). 
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Fig. 35 RJTFT 1024 pt. Chest Motion Phase Signal (Filter). 
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Fig. 36 RJTFT vs. STFT 4096 pt. Chest Motion Phase Signal (Filter). 
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Fig. 37 RJTFT vs. STFT 4096 pt. Chest Motion Phase Signal (Filter). 
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Fig. 38 RJTFT vs. STFT 2048 pt. Chest Motion Phase Signal (Filter). 
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Fig. 39 RJTFT vs. STFT 2048 pt. Chest Motion Phase Signal (Filter). 
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Fig. 40 RJTFT vs. STFT 1024 pt. Chest Motion Phase Signal (Filter). 
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Fig. 41 RJTFT vs. STFT 1024 pt. Chest Motion Phase Signal (Filter). 
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EKF Results 
 
The final signal processing technique attempted was the EKF to track the heart 

rate. This technique was programmed in MATLAB and then the Kalman filter was run 

multiple times with various initial frequency guesses. The Kalman filter attempted to 

estimate which monotone sinusoid best represented Fig. 19, based on these various 

frequency guesses. The results can be seen in Fig. 42. The frequency values given from 

top to bottom in Hz are as follows: 5.769, 5.396 4.688, 4.281, 3.635, 3.318, 2.432, and 

2.108. These values appear to be various frequency harmonics of the heart motion, which 

are close to the expected value. In simulation, harmonics higher than 8Hz were difficult 

to obtain, possibly because their power was too low. These results are fascinating because 

they provide a time-frequency representation which calculates in real-time. However, it is 

believed that the designed EKF gets stuck on the heart rate it finds, and becomes slow to 

change after a short period of time. It is also negatively affected by the various changes in 

magnitude of phase shifts between lung and heart motion. 

For this processing to be useful in the PT procedure, a higher level Kalman filter, 

such as an adaptive Kalman filter described by Foussier [28] would be recommended to 

begin once the EKF had estimated the frequency harmonics. This modification would 

allow the EKF to monitor frequency harmonics associated with heart rate fluctuation. On 

top of this, the adaptive Kalman filter would need be programmed to assume that there 

were two separate sinusoidal waves with different amplitudes, one for lung motion and 

one for heart motion.  
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The design of the described adaptive Kalman filter would be extremely useful, 

since it would allow frequency information to be tracked and processed in real-time 

alongside the VNA radar waveform. This processing would allow real-time PT fire 

windows to be calculated more accurately, and still be aborted if the VNA radar 

measured unexpected heart motion. The results presented here are a first step towards the 

production of such a Kalman filter. 

 

 
Fig. 42 EKF Frequency Prediction from Chest Motion Phase Signal (Filter). 
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CHAPTER FIVE 
 

Conclusion 
 
 
In this thesis, it was found that a microwave radar system could determine chest 

motion (due to heart motion components) with a delay of approximately 0.04 seconds. 

This performance allows for approximately 0.08 to 0.16 seconds to process the signal 

with other instruments, between the detection of the P wave and the QRS complex event, 

in an average adult. This interval is the period of time that the PT procedure has to turn 

off before the large heart motion from the ventricle contraction displaces the chest cavity. 

The length of the confident stationary chest window would be approximately 0.26 

seconds determined by the average time between T wave and P wave. Further research 

into predictive signal processing techniques could extend this window. 

Since a multifunctional lab instrument exists which is capable of recording close 

to real-time measurements of the chest displacement (due to heart and lung motion), the 

design of a less expensive, single function system for use in the PT procedure is feasible. 

It is recommended that this system be a CWR, designed to transmit a signal with low 

phase noise. A homodyne receiver with I&Q channels is also recommended. The 

operating frequency should be on the interval of 10GHz to 18GHz. Finally, a single 

antenna with high-gain and low distance to the far field is recommended. 
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APPENDIX 
 

Software 
 
 

This appendix contains source code used in the signal processing portion of this 

thesis. “Software.m” contains code relevant to the STFT and the RJTFT. “EKF.m” 

contains code for the extended Kalman filter. 

 
Software.m 

 
%%%%DFFT 
NFFT=length(HeartVNABREATHING4);    %%number of points 
duration=25; 
Fs=NFFT/(duration);%%number of samples devided by time per sample 
T=1/Fs;       %%number of time devided by number of samples 
t=(0:NFFT-1)*T; 
Y=HeartVNABREATHING4(:,3); 
Y=Y-42; 
[B A]= butter(2,(.5/(Fs/2)),'high'); 
Y=filter(B,A,Y); 
% [B A]= butter(2,2/(Fs/2),'low'); 
% Y=filter(B,A,Y); 
figure; 
plot(t,real(Y)); 
figure;plot3(real(Y),imag(Y),t); 
Y=fft(Y,NFFT-1); 
f=Fs/2*linspace(0,1,NFFT/2-1); 
 
Y(1)=0; 
figure; 
stem(f,(abs(Y(1:NFFT/2-1)))); 
xlim([0 10]); 
xlabel('Frequency (Hz)'); 
ylabel('Magnitude'); 
title('Fourier transform of Low Gain Horn at .5m from Chest, 10dB, 10Ghz (Filter)') 
 
% figure; 
% % hold on; 
% Y=ifft(Y,NFFT); 

80 



% plot(t,abs(Y)); 
% figure; 
% plot(t,data(:,3)); 
% Z=Y(50:950); 
% figure; 
% plot(50:950,abs(Z)); 
 
figure; 
hold on 
specgram(abs(Y),NFFT,Fs,4096,4088); % STFT 
raspecgram(abs(Y),NFFT,Fs,4096,4080,-60,'color_1_dot'); % RJTFT 
xlim([2 23]); 
ylim([0 10]); 
title('STFT and RJTFT VNA Radar 4096 (Filter)'); 
xlabel('Time'); 
ylabel('Frequency'); 
 
ax=plotyy(t,Y,data(:,1),data(:,2)); 
axis(ax(1),[2 5 -5 5]); 
 
set(ax(2),'YTick',[0:3]) % Remove ticks of axis 2 (leaves right-hand ticks of axis 1) 
set(ax(1),'Box','off','YTick',[-5:2:5]) % Turn off box of axis 1, which removes its right-
hand ticks 
 
xlabel(ax(1),'Time (Sec)'); 
ylabel(ax(1),'VNA Phase (deg)'); 
axis(ax(2),[2 5 0 3]); 
ylabel(ax(2),'ECG Voltage (Volts)'); 
title('ECG vs VNA radar of Breathing and Heart Beat (Filtered)'); 
 
 

EKF.m 
 
%%Set constants 
for i=1:100 
    i 
TS=.0009235; 
ORDER=3; 
AS1=0; 
AS2=0; 
SIGMA=1; 
T=1; 
S=0; 
St=1; 
%%Real and guess values 
AMP1=1; 
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FREQ1=.6; 
PHASE=0; 
FREQ=(i-1)*.1; 
AMP=3; 
%%P init MatrixA=zeros(ORDER,ORDER); 
P=zeros(ORDER,ORDER); 
P=[0 0 0; 0 (FREQ1-FREQ)^2 0; 0 0 (AMP1-AMP)^2]; 
%%prealocated matrix 
I=eye(ORDER); 
Q=zeros(ORDER,ORDER); 
RM(1,1)=SIGMA^2; 
XT=0; 
XTD=AMP1*FREQ1; 
count=0; 
while T<=27069 
    %%make matrixes 
A=[1 TS 0; 0 1 0; 0 0 1]; 
Q=[TS*TS*TS*AS1/3 .5*TS*TS*AS1 0;.5*TS*TS*AS1 AS1*TS 0; 0 0 AS2*TS]; 
PHASEG=PHASE+FREQ*TS; 
H=[AMP*cos(PHASEG) 0 sin(PHASEG)]; 
%%Extended Kalman Filter 
F=A*P*A'+Q; 
K=F*H'*1./(H*F*H'+RM); 
P=(I-K*H)*F; 
XT=Y(count+1);  %% My measurements(vector of VNA heart motion measurements) 
RES=XT-AMP*sin(PHASEG); 
PHASE=PHASEG+K(1,1)*RES; 
FREQ=FREQ+K(2,1)*RES; 
AMP=AMP+K(3,1)*RES; 
count=count+1; 
time(count)=TS*(count-1); 
freqa(count)=FREQ1; 
freqk(count)=FREQ; 
T=T+St; 
end 
plot(time,freqa,time,freqk) 
hold on; 
end 
xlabel('Time') 
ylabel('Frequency') 
title('EKF tracking Frequency'); 
axis([0 25 0 10]) 
 

82 



 
 
 

BIBLIOGRAPHY 
 
 
[1]  H. Paganetti and T. Bortfeld, "Proton Beam Radiotherapy—The State of the Art," 

in: New Technologies in Radiation Oncology (Medical Radiology Series),(Eds.) W. 
Schlegel, T. Bortfeld and A.-L. Grosu, Springer Verlag, Heidelberg, ISBN, pp. 3-
540, 2005.  

 
[2]  C. A. Balanis, Advanced Engineering Electromagnetics Second Edition, New York: 

Wiley, 1989.  
 

[3]  D. R. Wehner, High Resolution Radar Second Edition, Norwood: Artech House, 
Inc., 1995.  

 
[4]  E. C. Desk, "Electronic Warfare and Radar Systems Engineering Handbook," 1997.  
  
[5]  B. R. Mahafza, Radar Systems Analysis and Design Using MATLAB, Chapman 

and Hall, 2000.  
 

[6]  A. D. Droitcour, "Non-contact measurement of heart and respiration rates with a 
single-chip microwave doppler radar" Ph.D. diss, Texas Tech University, 2013.  

 
[7]  D. Obeid, S. Sadek, G. Zaharia and G. El Zein, "Multitunable Microwave System 

for Touchless Heartbeat Detection and Heart Rate Variability Extraction," 
Microwave and Optical Technology Letters, vol. 52, no. 1, pp. 192-198, 2010.  

 
[8]  Ø. Aardal, "Radar monitoring of heartbeats and respiration" Ph.D. diss, University 

of Oslo, 2013.  
 

[9]  S. Yamada, "Compact Doppler Radar System for Heart Rate Detection" M.S. 
thesis, University of Hawaii, Honolulu, Hawaii, 2007.  

 
[10]  C. Wolff, "Radar Basics," NA, 1997. [Online]. Available: 

http://www.radartutorial.eu/index.en.html. [Accessed 27 1 2015]. 
 

[11]  M. Skolnik, Introduction to Radar Systems, New York: McGraw-Hill Book 
Company Inc, 2002.  

 
[12]  Y. Wang, "UWB Pulse Radar for Human Imaging and Doppler Detection 

Applications" Ph.D. diss., University of Tennessee, Knoxville, Tennessee, 2012.  
 

83 



[13]  C. M. Payne, Principles of naval weapon systems, Naval Institute Press, 2006.  
 

[14]  G. R. Curry, Radar System Performand Modeling, Artech House Norwood, 2005.  
 

[15]  V. Issakov, Microwave circuits for 24 GHz automotive radar in silicon-based 
technologies, Neubiberg: Springer, 2010.  

 
[16]  C. J. Grebenkemper, "Local Oscillator Phase Noise and its effects on Receiver 

Performance," Watkins-Johnson Company Tech-notes, vol. 8, no. 6, 1981.  
 

[17]  R. Undheim, "Design of a Linear FMCW Radar Synthesizer with Focus on Phase 
Noise" M.S. thesis, Norwegian University of Science and Technology, Trondheim, 
Norway, 2012.  

 
[18]  "VCO Phase noise," Mini-Circuits, 8 9 1999. [Online]. Available: 

http://www.minicircuits.com/app/VCO15-6.pdf. [Accessed 17 2 2015]. 
 

[19]  W. Kester, "Converting Oscillator Phase Noise to Time Jitter," Tutorial MT-008, 
Analog Devices, 2008.  

 
[20]  Hittite Microwave, HMC778LP6CE Fractional-N PLL with Integrated VCO SMT, 

9.6 - 10.8 GHz, Chelmsford, 2015.  
 

[21]  D. Andreuccetti, R. Fossi and C. Petrucci, "An Internet resource for the calculation 
of the dielectric properties of body tissues in the frequency range 10 Hz - 100 
GHz," IFAC-CNR, Florence (Italy), 1997. [Online]. Available: 
http://niremf.ifac.cnr.it/tissprop/. [Accessed 27 1 2015]. 

 
[22]  M. Chaplin, "Water Structure and Science," London South Bank University, 18 12 

2014. [Online]. Available: http://www1.lsbu.ac.uk/water/microwave_water.html. 
[Accessed 29 1 2015]. 

 
[23]  L. K. Fujimoto, G. Jacobs, J. Przybysz, S. Collins, T. Meaney, W. A. Smith, R. J. 

Kiraly and Y. Nosé, "Human thoracic anatomy based on computed tomography for 
development of a totally implantable left ventricular assist system," Artificial 
Organs, vol. 8, no. 4, pp. 436-444, 1984.  

 
[24]  CASEYTHEROBOT, "AD8232 Heart Rate Monitor Hookup Guide," SparkFun 

Electronics, 17 7 2014. [Online]. Available: 
https://learn.sparkfun.com/tutorials/ad8232-heart-rate-monitor-hookup-guide. 
[Accessed 30 1 2015]. 

 
[25]  R. J. M. II, Handbook of Fourier Analysis & Its Applications, Oxford University 

Press, 2008.  

84 



[26]  P. Flandrin, F. Auger and E. Chassande-Mottin, "Time-frequency reassignment: 
from principles to algorithms," Applications in Time-Frequency Signal Processing, 
vol. 5, pp. 179-203, 2003.  

 
[27]  S. Hainsworth and M. Macleod, "Time frequency reassignment: A review and 

analysis," 2003.  
 

[28]  J. Foussier, D. Teichmann, J. Jia, B. Misgeld and S. Leonhardt, "An adaptive 
Kalman filter approach for cardiorespiratory signal extraction and fusion of non-
contacting sensors," BMC medical informatics and decision making, vol. 14, no. 1, 
p. 37, 2014.  

 
[29]  "Tracking a Sine Wave," 2010. [Online]. Available: 

http://tx.technion.ac.il/~iaac/workshops/2010/KFhandouts/LectKF10.pdf. 
[Accessed 6 2 2015]. 

 
[30]  K. Fitz, "Time-Frequency Analysis," Cornell University, 14 3 2009. [Online]. 

Available: http://www.cerlsoundgroup.org/Kelly/. [Accessed 16 2 2015]. 
 

[31]  R. Fitzpatrick, Maxwell's Equations and the Principles of Electromagnetism, Jones 
& Bartlett Publishes, 2008.  

 
[32]  C. Gu, "Continuous-wave radar sensor based on Doppler phase modulation effect 

for medical applications and mechanical vibration monitoring." Ph.D. diss., Texas 
Tech University, 2013.  

 
[33]  P. V. Brennan, L. B. Lok, K. Nicholls and H. Corr, "Phase-sensitive FMCW Radar 

System for High-Precision Antarctic Ice Shelf Profile Monitoring," Radar, Sonar & 
Navigation, IET, vol. 8, no. 7, pp. 776-786, 2014.  

 

 
 

85 


	TABLE OF CONTENTS
	LIST OF FIGURES
	CHAPTER ONE
	Introduction

	CHAPTER TWO
	Background
	Radar Introduction
	System Frequency
	Radar Configuration
	Transmitter Architecture
	Receiver Architecture
	Antennas
	Phase Noise

	Electromagnetic Introduction
	Material Properties
	Skin Depth



	CHAPTER THREE
	Proof of Concept
	Equipment
	Sparkfun AD8232 Single Lead Electrocardiogram (ECG)
	HDO4054 Teledyne LeCroy
	PNA-L

	Theory of Operation
	Experiment
	Signal Processing
	Short Time Fourier Transform (STFT)
	Reassigned Joint Time Fourier Transform (RJTFT)
	Extended Kalman Filter (EKF)



	CHAPTER FOUR
	Results
	Experimental Results
	Signal Processing Results
	STFT Results
	RJTFT Results
	EKF Results



	CHAPTER FIVE
	Conclusion

	APPENDIX
	APPENDIX
	Software
	Software.m
	EKF.m


	BIBLIOGRAPHY

