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Abstract 
The continuous and accurate monitoring of human vital signs is an extremely 

important part of the healthcare industry, as it is the basic means by which healthcare 

professionals monitor the instantaneous status of their patients. The ability to capture, 

record, and analyze vital signs information quickly can make a life-and-death difference 

in the ability of doctors and other healthcare professionals to make quick and informed 

decisions about patients’ conditions for treatments. Additionally, it has become 

increasingly desirable to use less invasive means by which to measure the vital signs 

data. This has led to much increased research spending in non-contact technologies which 

can monitor and transmit vital signs information quickly to the appropriate healthcare 

professionals. 

Additionally, since innovations in biomedical applications have been one of the 

biggest areas of research and development spending in the world, we will explore the 

benefits of using specialized antennas for increased performance and practicality of the 

non-contact vital signs (NCVS) biosensor that we have built in Professor Donald Lie’s 

RF/Analog SoC Labs. The purpose of this thesis is to explore the uses of high directivity 

antennas and electronically steerable phased array antenna systems to improve the 

performance and functionality of modern non-contact vital signs measurement systems. 

The primary focus of the applications of these specialized antennas in this work will be 

with the Doppler-based NCVS monitoring biosensor systems. 

It has been observed that that the accuracy of the NCVS sensor systems described in 

this and previous works can be diminished by reflections from background clutter in the 

measurement environment. One specific approach used to try and alleviate this issue is to 

employ the use of more directive antennas and phased arrays to steer the radiation beam 

towards a subject if they are not able to be properly illuminated by a typical commercial-

off-the-shelf (COTS) antenna. The process and issues involved in designing customizable 

helical antennas that can be used in phased arrays or individually within the NCVS 

biosensor system will be described. 
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In this thesis, the performance and accuracy of the NCVS biosensor is determined by 

the statistical analysis of a vast amount of data it collected and compared with the heart 

rate data measured from a physical and independent finger pulse sensor as the reference. 

We will explore how the different antenna and antenna systems affect the performance of 

the NCVS biosensor in this work. We believe this work is the first systematic study on 

using phased array systems for NCVS sensing performed in a clutter-free anechoic 

chamber, and it has shed some new and exciting lights on improving the existing NCVS 

sensor systems as brand new data has been collected and understood, which is especially 

important for enabling reliable, continuous and ubiquitous heart rate monitoring in the 

future.  
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Chapter 1 

Introduction and Summary of Work Presented in this 

Thesis 
1.1 Introduction 

In the healthcare industry, one of the most important factors in the diagnosis and care 

of a patient in need is to acquire knowledge and information about the medical status of 

the patient. This information is the guide by which healthcare professionals make their 

decisions in order to best care for a patient. Vital signs are the basic measureable statistics 

given by the body which communicate the most basic signs of life, and include all the 

symptoms which are vital to the continuation of life. The most common vital signs 

measured in a hospital setting are: temperature, blood pressure, heart rate and respiratory 

rate [1]. In most cases, temperature and blood pressure are measured by single samples 

taken over a relatively longer period (say in every 4 to 8 hours), meaning that equipment 

is only needed while the measurement is being taken. However, heart rate and respiration 

rate information must be captured continuously when a patient is under observation or in 

critical condition such as in surgery, in an intensive care unit (ICU) or during an 

emergency room (ER) visit. 

Historically and normally, heart and respiration rates are measured by devices which 

physically contact the subject in order to sense, display, and record the information. 

These devices include electrocardiograms (ECG), which attach to the skin and measure 

electrical potential as the heart pulses, and intercardiac electrograms (EGM), where 

devices such as pacemakers or implantable cardioverter defibrillator (ICDs) are actually 

inserted into patients to continuously measure the electrical signals from the heart muscle 

movement. For respiration rate measurements, devices can be piezoelectric sensor straps 
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which wrap around the midsection of the subject, stretching when the subject breaths in 

and out. Additionally, respiration can be measured by devices which sense the flow rate 

of air coming in and out of the upper respiratory system. Needless to say, these devices 

are all either wearable sensors or physically invasive to the subject, causing unavoidable 

discomfort or pain to the patients, if one would like to take these simple vital signs 

measurements continuously. This has led to research into the use of wireless and non-

contact measurement systems to measure these vital signs (heart and respiration rates). 

The concept of measuring physical vital signs through wireless means has existed 

since the 1970's [2,3]. Most research into wireless non-contact vital signs (NCVS) sensor 

systems incorporates the use of Doppler-radar based RF signals to measure the periodic 

movement of a patient through the Doppler effects [4-7]. A Doppler radar target with 

periodic motion and zero average velocity will generate a nonlinear phase modulation 

which is proportional to the position of the target [6, 7]. Because both heart and 

respiration movements cause a time-varying periodic motion at the patient's chest, the 

patient can be illuminated by the Doppler radar system using appropriate and safe 

radiation levels, which in turn allows the system to gather information about the periodic 

vital statistics of the patient. The details of the NCVS sensor system itself will be 

described in Section 1.2 in this Chapter. 

Part of the goal of this work is to experimentally assess how the characteristics of the 

antennas used in the NCVS biosensor affect the ability of the system to accurately 

acquire the vital signs information. Professor Thomas Trost of Texas Tech University 

first introduced to me the idea of using axial-mode helical antennas within the NCVS 

system for their high directivity and gain. Helical antennas have been used for many 

decades in a wide range of applications, including radio sky mapping, space satellite 

communications systems, and long distance space probes [8]. The primary benefit of 

using helical antennas is in their high directivity when operating in the axial mode and 
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therefore, their inherent large gain. These types of antennas have little presence so far for 

the application in the Doppler-based non-contact vital signs (NCVS) systems due to their 

large size and difficulty in tuning. Very recently, helical antennas have been introduced 

into NCVS systems and have been found to improve the Signal-to-Noise-and-

Interference Ratio (SNIR) of a NCVS sensor system, allowing for movement artifacts 

reduction [9]. However, no antenna matching information has been presented to facilitate 

their use in Doppler-based vital sign detection systems, and the only previous study 

reported was not performed rigorously in a clutter-free anechoic chamber. Some current 

practices of matching the impedance of a helical antenna have been investigated in [10, 

11]. These practices, although effective, either extend the size of the antenna or call for 

strict specifications in the construction of the helical structure. In this study I will present 

a simple way to match, build and custom-size the helical antenna to allow for usage in 

Doppler-based NCVS sensor systems (and other systems) that may require antennas with 

high directivity and gain. This study involving the construction of the specialized helical 

antennas is described in detail in Chapter 2. 

 

1.2 Overview of Non-Contact Vital Signs (NCVS) Biosensor and Software 

Contributions 

As described earlier, the non-contact vital signs (NCVS) system used in this work is a 

novel form of biosensor which is used to measure the primary human vital signs (i.e., 

respiration and heart rate) without the need to physically contact the subject or patient. 

The NCVS sensor system used in this work is based on measuring perturbations of the 

Doppler effects arising from movements of a patients’ or subjects’ chest wall [4-7, 12-

17]. The system was originally designed and constructed in Professor Donald Lie’s 

RF/Analog SoC laboratory and is under ongoing research and refinement to further 

improve the  sensing technology for potential practical deployment in the future  [14-17].  
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The particular system I am working with in this research uses a 2.4 GHz continuous-

wave (CW) RF signal that is directed at a subject’s chest and reflected back to the sensor. 

With the proper signal demodulation and signal processing algorithms it can use the 

phase-modulated information from the chest wall reflection to determine the subject’s 

basic vital signs without physically contacting the subject. The aim of this work is to 

improve the performance of the NCVS biosensor by using highly directive antennas to 

reduce background clutter pick-up, and using beam-steerable phased-array antennas to 

detect vital signs when the subject is not directly in front of the antenna system without 

excessive degradation of signal-to-noise-ratio (SNR). All these studies are keys to enable 

a continuous monitoring of vital signs for patients (say to monitor an apnea patient who 

naturally moves during sleep). 

 

Fig.  1. Illustration describing the basic electromagnetic interface between the NCVS sensor and the 
subject. 

 

The illustration in Fig.  1 above shows the electromagnetic waves and key parameters 

which are used by the NCVS biosensor hardware. It shows that the reflected RF wave 
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needs to be demodulated to produce an analog output, from which digital signal 

processing will be performed to extract the vital signs info of the subject being 

monitored. The subject is placed at a distance d0 from the sensor and the perturbations 

from the chest wall x(t) are reflected as a Doppler shift modulated proportionally by x(t).  

The baseband phase signal produced by the system is demodulated from the Doppler 

shifted RF I/Q paths (i.e., the in-phase and quadrature-phased signals) using an 

arctangent demodulation algorithm with the zero-IF architecture [14-18]. The arctangent 

demodulation utilizes the signals from both I/Q channels but not just using data from a 

single channel, which is important for limiting the undesired nulling effects due to the 

position of the subject being measured. It has been observed that with a single channel 

Doppler radar system, the ability to pick up the modulation from the subject is highly 

sensitive to the distance of the system to the target [3-6]. This effect is periodic with the 

distance of the sensor to the target, and can be described as null points in the 

measurement space (that repeats in every multiple integers of the wavelength of the RF 

incident wave) [6]. By using two receiving I/Q channels with the local oscillator (LO) 

inputs into the mixers phase offset by 90o to one and another, the null points seen in the 

measurements space that will results in drastic loss of signals will never occur at both 

channels at the same time. Our NCVS sensor architecture also uses the same oscillator 

source to provide the LO signal to the mixers and the transmitting antenna to take 

advantage of the effects of range correlation described in [19, 20].  A functional diagram 

of our current NCVS biosensor architecture can be seen below in Fig.  2. A historical 

overview of the state of the system when this work was started, up to the point that it is 

currently developed to, will be discussed in chapter 1.3. It can be seen in Fig.  2 that a 

frequency synthesizer is used at the 2.4 GHz oscillator source and is split by a 0o balun 

transformer to the transmitting (Tx) antennas and also to the input of a gain buffer 

amplifier (labeled with “G”). The output of the buffer amplifier is split with a 90o balun 

transformer to become the I/Q LO inputs to the two mixer channels. 
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Fig.  2. Functional diagram of the current (4th) generation NCVS biosensor hardware developed in 
Professor Donald Lie’s Labs that is used in this work. 

 

Using a National Instruments NI-DAQ USB-6009 data acquisition module, the output 

I and Q baseband signals are digitized at a sampling rate of 200 Hz to be processed on the 

PC. The software used to complete the processing is the National Instruments LabVIEW 

program, which allows us to quickly program the DSP algorithms to calculate the 

respiration and heart rates. In addition to the NCVS sensor output, the LabVIEW virtual 

instrument (VI) also detects signals from a finger pulse sensor, which is physically 

attached to the subject as the reference heart rate signal. This piezoelectric sensor is not 

considered to be part of the NCVS biosensor system, but is necessary for accuracy 

analysis during our development phase so that the difference between the actual heart rate 

and the wirelessly measured heart rate can be measured and quantified statistically. It has 

been observed that the wirelessly measured respiration rate from our NCVS biosensor is 
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rarely (if ever) incorrect because of the large displacement caused by the lungs which is 

much more easily recovered than is the heart rate data [21]. 

 

 

Fig.  3. Block diagram of the basic DSP algorithm used to detect and extract the vital signs information 
for the 4th generation NCVS biosensor. 

 

The basic algorithm used to recover the vital signs data which has been implemented 

in LabVIEW was developed by a former graduate student in Professor Lie’s group, Mr. 

Ravi I. in his master thesis work, and it can be seen in Fig.  3. This algorithm has 

continued to be the main algorithm used in my further developments and iterations of the 

NCSV sensor system [14]. This algorithm is simple to understand and quite robust in 

achieving the results needed to characterize the antenna configurations when 

implemented with the proper timing and controls. Fig.  3  shows a block diagram of the 

DSP algorithm flow implemented in the code and Fig.  4 shows a screenshot of the 

corresponding LabVIEW VI code.  

 

Fig.  4. Screenshot of the signal processing section from the updated LabVIEW VI. Sections correspond 
to the blocks in Fig.  3. 
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The original LabVIEW VI written for this project worked well for acquiring the vital 

signs information and storing the data in a data spreadsheet. However, the user interface 

was difficult to navigate, and the update rate was as slow at 10 seconds between visual 

updates to the user, making it difficult to understand what has happening with the virtual 

instrument and with the vital signs information while a data capture test was running. I 

took it upon myself to learn how to program in LabVIEW so that I could start a new VI 

from scratch. The new VI was developed over a period of two weeks, and it is capable of 

visually updating the user at a rate of 25 Hz without sacrificing any accuracy or stability 

whatsoever. It is basically an overhaul of the control and timing of the NCVS processing 

algorithm (above), which is the heart of the software. The VI runs on a 25 Hz loop while 

the NI-DAQ USB-6009 captures samples at a rate of 200 Hz. Each time the loop 

executes, the VI captures the latest 8 samples from each channel of the DAQ buffer. 

Eight samples are taken because at an execution rate of 25 Hz and a sample rate of 200 

Hz, 8 ADC conversions will occur each time the VI loop executes at 25 Hz. 

The raw data samples are appended to an array which stores the 3 data channels in 

independent columns. One column for the I data, one for the Q, and one for the reference 

finger sensor. Each time the loop executes, an indexing window captures the last 30 

seconds of raw data in this array, and separates the channels into individual arrays. An 

important step here is that the code must perform the arctangent demodulation of the I 

and Q signals in the software. In the LabVIEW VI, this is simply done by executing the 

module )(tan 1

I
Q−=φ , with Q and I as raw data inputs and synchronized in time. The 

output of this function is fed back into the original raw data array so that it can be stored 

at the end of the program. 
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Fig.  5. Screenshot of the updated LabVIEW VI front panel showing the inputs which control the 
operation of the NCVS recordings. 

Once the demodulated “Arctan” data is available, the vital signs rate acquisition 

begins at the band-pass FIR filter stage seen in Fig.  3. The band-pass FIR filter can be 

adjusted by changing the number of discrete taps used to filter and also the low and high 

cutoff frequencies. After many tests, we found that the best setting for the FIR filter, was 

to use 1000 discrete taps, and high and low cutoffs of 0.9-2.0 Hz respectively for the 

heart, and 0.03-0.66 Hz for the respiration. These cutoffs correspond to 54-120 BPM for 

the heart rate filters and 1.8-40 BPM for the respiration rate filters. In this thesis work, 
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120 BPM is an adequate high cutoff for the heart rate, as all measurements are taken with 

a resting heart rate on healthy subjects. The filter cutoff settings could easily be adapted 

to allow for higher or lower heart rate filtering if an application requires. More careful 

studies on the cutoff frequencies will be performed in the future to improve the heart rate 

monitoring accuracy further, especially to help preventing the respiration harmonics from 

overwhelming the heart rate signal to cause errors. 

 The DC removal block simply takes the average of the raw data and subtracts that 

average scalar from the value of each point in the data array which is currently being 

processed. Once the DC is removed, an autocorrelation is performed on the signal to 

strengthen the periodic content of the signal and weaken the non-periodic content. The 

filtered and autocorrelated signal is then process by a discrete fourier transform (DFT) 

with an adjustable number of sample points, which helps to adjust the frequency 

resolution.  

A peak-finding algorithm takes the output of the DFT to find the largest peak in the 

frequency spectrum of the signal, which in an ideal case would be the respiration or heart 

rate depending on the filter settings. There are sometimes issues with respiration 

harmonics overtaking the heart signal in the output of the heart FFT, which is the cause 

of a large portion of the errors seen in the NCVS biosensor. The solution to this particular 

problem is outside the scope of this thesis, but a solution is being actively investigated in 

Dr. Donald Lie's RF/Analog SoC Labs at the time of the writing of this thesis. 
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Fig.  6. Screenshot of the updated LabVIEW VI GUI showing the real-time processing stages, and the 
extracted vital sign rates. 

 

 

Fig.  7. Screenshot of the updated LabVIEW VI showing the graphical vital signs rate history as well as 
the current accuracy level (100% within all thresholds in this case). 

 

1.3 Contributions to the NCVS Biosensor Hardware 

When I first began evaluating the state of the NCVS biosensor project for 

applicability to my goal of determining the effects of specialized antennas on the 

performance of the system, it was apparent that the project needed some improvement to 

allow for quicker and more customizable data retrieval. Although the original system’s 
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electronic performance was good and the current LabVIEW software was adequate for 

capturing and recording short segments of data and determining the correct vital signs 

information, the hardware was bulky and required the use of a lot of equipment that was 

difficult to quickly assemble, move, or change. Additionally, the software worked well, 

but was non-intuitive and required time with someone who already knew how to use it to 

take data and follow the code if debugging was necessary. In order to be able to use the 

system efficiently with many different types of antennas and subjects, and also be able to 

quickly and consistently take arbitrary lengths of data (depending on the application), the 

hardware and the software needed to be re-designed with these features in mind. 

Therefore, I spent the first few months of my job on this thesis work re-developing the 

NCVS sensing system for better applicability to my testing and measurement goals for 

the antennas. 

To begin this section, it will be beneficial to describe in detail the state of the NCVS 

biosensor project before any modifications were made toward the latest generation at the 

time of this thesis writing. This will allow for the reader to have a fundamental 

understanding of the contributions that were made to the system within the scope of this 

work. Before this study began, two distinct iterations of the NCVS hardware had been 

developed and tested in Dr. Lie's Analog/RF-SoC Labs [14-18]. 

The first generation of the NCVS sensor system used a single channel direct-

conversion RF front-end with 2.4 GHz patch antennas to send, receive, and demodulate 

the phase modulated signal (see Fig.  8). This 1st generation system also used the bulky 

and expensive SR560 high-precision and low-noise preamplifier and filter. This SR560 

pre-amplifier system was replaced by a single PCB with analog filtering and 

amplification functions which pretty much function identically as the SR560. This board 

was designed and implemented by the graduate students in Dr. Lie's lab at the time, and 

they used a Sallen-Key band-pass filter with a gain buffer incorporated to the output of 
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the filter. This change from the bulky SR560 to the singular PCB for analog functions 

was a large improvement over the original modular NCVS sensor prototype. The signal 

processing used to determine the vital signs information in the first generation system 

used an autocorrelation procedure in LabVIEW to resolve the periodicity of the digitally 

recorded signal. This autocorrelation output was then taken into a peak detection function 

which estimated the frequency content of the signal by determining the time between 

oscillations. The first generation system functional diagram can be seen in Fig.  8. The 

analog PCB is also shown with the band-pass filter and gain buffer amplifier 

functionalities. 

 

Fig.  8. Functional block diagram of the 1st generation NCVS sensor hardware. 

 

The second generation came about when issues involving the null-point problem [7] 

were observed during testing with the 1st generation system. This issue is largely caused 
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by the limitations of the single channel Doppler receiver architecture used with the 1st 

generation system. This led to the development of the 2nd generation system, which 

incorporated a dual-channel quadrature receiver while keeping the direct-conversion 

architecture. The signal processing added the arc-tangent demodulation technique so that 

the two baseband output channels (In-phase and Quadrature or I and Q) could be 

recombined into a single signal for data processing. Additionally, the antennas used were 

changed from the large patch antennas in the first generation, to 2.4 GHz Yagi-Uda 

antennas on PCBs which were intended to provide slightly more directivity for the radar 

illumination. The base-band analog board employed the same design as in the first 

generation, but a second channel was added so the I and Q channels can be filtered 

independently on the same board. On the signal processing side, the second generation of 

the NCVS system still used LabVIEW VI's, but added 2 more rate detection techniques 

along with the autocorrelation/peak detection from the first generation system. The two 

added techniques were a discrete time fast Fourier transform (FFT) of the uncorrelated 

signal, and an FFT of the autocorrelated signal. The second generation system can be 

seen in Fig.  9. 
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Fig.  9. Functional block diagram of the 2nd generation NCVS sensor hardware. 
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Fig.  10. Image of the 2nd generation system showing both RF and Analog PCB, and the Yagi-Uda 
antennas. 

 

The third generation system was the first system which was worked on by myself and 

with the current members of the NCVS sensor team in 2010. This generation was 

intended to increase the portability of the NCVS biosensor by consolidating all of the RF 

and analog hardware onto a single discrete PCB, and the output of which would go 

directly to the National Instruments data converter and to the PC. The electrical design 

was the same as the one designed by Ravi Ichapurapu in [14]. However, as Ravi had 

graduated, myself and the NCVS sensor team designed the layout along with the help of 

Dr. Jerry Lopez. This design was populated and tested, and it quickly became apparent 

that the RF sections of the board were not performing the way as was expected when 

compared to the first two generations. It was found that the RF transmission lines 

designed onto the PCB to carry the RF signals were not sized properly to achieve a 50Ω 
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impedance on the lines. The impedance of these transmission lines were measured at the 

SMA inputs and were found to be in the range from 130Ω-170Ω, which caused large 

signal degradations throughout the PCB. This PCB design was quickly dropped as we 

began working on the 4th generation design to remedy the issues which were found within 

the 3rd generation system. 

 

Fig.  11. Functional block diagram of the 3rd generation NCVS system. 
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Fig.  12. Image of the 3rd generation PCB design with incorrect impedance for the on-board transmission 
lines. 

 

When work began on the redesign of the NCVS sensor PCB, the NCVS team made 

the decision to take the redesign opportunity to improve some of the electrical design of 

the system as we had outside investors introduced by Texas Tech Office of Technology 

and Commercialization (OTC Office), hoping to seriously license our technology and 

bring those NCVS sensor to test on their customers. First, the VCO (Minicircuits JTOS-

2700+) used in the original 3 generations of the NCVS suffered from frequency 

instability as temperature changes, as well as rather high phase noise. We decided to 

replace the simple VCO with a frequency synthesizer, which utilized a phase locked loop 

(PLL) to stabilize the output frequency to a value determined by a reference oscillator 

and a frequency divider. The new frequency synthesizer, also from minicircuits (KSN-

2457A-1C19+) was able to provide much better phase noise characteristics in our 

measurements with the NCVS biosensor. The synthesizer achieves a measured phase 
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noise of -107.8 dBc/Hz at 10 kHz offset from the carrier, which is an excellent phase 

noise for use in our direct-conversion architecture [6]. 

Table 1. Phase noise measurements obtained at our Lab from the two oscillators used in the different 
NCVS sensor generations. 

Oscillator Frequency Offset from Carrier 

 100 Hz 1 kHz 10 kHz 100 kHz 

JTOS-2700+ Unknown -72 dBc/Hz -94 dBc/Hz - 114 dBc/Hz 

KSN-2457A-1C19+ -78.9 dBc/Hz -93.4 dBc/Hz -107.8 dBc/Hz -122.8 dBc/Hz 
 

 

Fig.  13. Phase noise measurement of the KSN-2457A-1C19+ frequency synthesizer. 

 



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
20 

 

The 4th generation NCVS sensor system was built with the new frequency synthesizer 

and the characteristics of the transmitter output were measured. The frequency divider in 

the synthesizer was pre-programmed by minicircuits to a value of N=240. The reference 

oscillator for the synthesizer was designed by Vigneshrudra Das, and I designed the 

layout and constructed the unit so that it would be modular on the 4th generation board so 

that it could be removed and tuned or adjusted. This oscillator was designed to operate at 

10.24 MHz, and when introduced to the synthesizer circuit, allows the synthesizer to 

produce a strong and stable 2.457 GHz output signal at +2.5 dBm at the synthesizer 

output. Fig.  14 shows the output spectrum of the 4th generation transmitter output; at this 

point in the system, the signal has already been through a 2-way power splitter, 

accounting for the measured power of -0.58 dBm, which is roughly 3dB less than the 

power produced by the synthesizer directly. This signal drives the NCVS transmitter 

antennas directly with no amplification. 

 

 

Fig.  14. Measured output spectrum of the transmit channel from the 4th generation NCVS biosensor. 
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In addition to the frequency synthesizer, the 4th generation board also has corrected 

impedance transmission lines, added an LO buffer to help drive the mixers, and a low-

noise adjustable low-dropout (LDO) linear voltage regulators for driving the synthesizer, 

reference oscillator, and LO buffer. The LO buffer is the 13.5 dB gain PHA-1+ from 

minicircuits. This buffer amplifier provides a gain of 13.5 dB at 2.4 GHz, has a noise 

figure (NF) of 2.2 dB, and 1 dB output compression point of 22.4 dBm. This particular 

design takes the 2.5 dBm synthesizer output, and amplifies it to 16 dBm before the 90o 

balun (seen in Fig. 10). The power is then split between the two I and Q LO signals to 

provide a LO input to the mixers at roughly 10-13 dBm, with transmission line losses 

considered. 

 

Fig.  15.  Functional block diagram of the 4th generation NCVS sensor system. 
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Fig.  16. Image of the 4th generation NCVS sensor system with functional regions outlined [19]. 

 

The 4th generation system PCB layout was designed independently by myself, and 

then double checked by Dr. Jerry Lopez before being sent out to Advanced Circuits to be 

fabricated. When the PCB's arrived in the lab, I populated one of the boards and then 

tuned the LDO's to the correct voltages for the systems. The 4th generation NCVS 

biosensor performed smoothly and successfully from the first time it was powered on in 

the Spring of 2011, and is still in operational condition at the time of this writing. This 

system is the actual system used to record the data published in both our group’s 2012 

papers during the RWS (Radio Wireless Week) [21, 22], and also for this thesis work 

with phased array antennas. 
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The 4th generation board uses the same electrical design for the baseband section as 

was used in the previous generations as well, since they have proven to be good and 

reliable designs. The filters are Sallen-Key 2nd order low pass and high pass filters, which 

are placed in series to create an effective band-pass filter. The cutoff of the high-pass 

section is set to 0.1 Hz, which corresponds to a vital signs rate of 6 beats per minute 

(BPM). The low-pass filter has a cutoff frequency of 10 Hz, which corresponds to a very 

high value of 600 BPM. The gain stage is incorporated into the design of the filters, and 

achieves an effective voltage gain of 60 dB [14]. This design allows our system to 

operate without the need of large baseband signal conditioning systems as those used by 

some other researchers in this field [12, 13]. 

Even with the re-design of the NCVS PCB, the 4th generation PCB still suffers from a 

significant design oversight. While performing vital signs measurements in the anechoic 

chamber (Chapter 2.2), we noticed that the system was not effectively negating the 

nulling point issue, as should be expected from quadrature arctangent demodulation 

technique. Although it was intended to achieve a 90o phase shift between LO signals of 

the I and the Q mixers, the length of the lines feeding the mixers from the 90o balun were 

not double checked carefully enough and ended up suffering from a length discrepancy of 

about 132 mils. Fig.  17 shows the NCVS PCB top layer in the region where the LO 

transmission lines exist. It is fairly easy to see that the Q line is slightly longer than the I 

line, which was measured to be a difference of 132 mils in the design software. 

Using ADS, the lines were simulated using the designed dimensions of the 4th 

generation PCB, including a model of the FR-4 substrate. In Fig.  18, it can be seen that 

the two LO lines are modeled using a co-planar waveguide with a sub lain ground plane 

(CPWG). In the simulation schematic, CPW1 represents the Q line and CPW2 represents 

the I line. 
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Fig.  17. Screenshot of the 4th generation NCVS PCB showing the LO transmission lines. 

 

Fig.  18. Simulation set-up to model the line length discrepancies in the 4th generation PCB. 
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Fig.  19. Simulation results showing the physical phase effect of the LO line lengths. 

 

The results of the line length simulation can be seen in Fig.  19. The data output from 

marker 1 (m1) shows that the Q line exhibits a phase delay which is 17.2o more than that 

which is presented to the signal by the I line. This means that (according to the ADS 

simulations) the Q line has a lag of 107.2o with respect to the I line. (expected 90o plus 

the extra 17.2o offset from the I line). This ADS simulation does not take into account the 

45o corners in the design in Fig.  17 or other non-waveguide structures designed into the 

board. A more complex EM simulator such as HFSS will need to be used to evaluate the 

discrepancy between the I/Q LO transmission lines more accurately. 

Because of this obvious difference in the length of the transmission lines. I have re-

designed the 4th generation PCB so that the two line lengths will be the same in the 

revision. In order to adjust the lines to be the same length, the 90o balun has been shifted 
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slightly to the left and the transmission lines themselves have been adjusted until both 

line lengths are the same. These changes can be seen by comparing the fixed lines in Fig.  

20 to the original design in Fig.  17. 

 

 

Fig.  20. Screenshot of the 4th Generation PCB LO transmission lines after being adjusted for matching 
lengths. 
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Fig.  21. ADS phase simulation results of the 4th generation LO transmission lines after being corrected for 
length. 

 

The new line lengths were simulated in ADS in the same way as was done to evaluate 

the original design lengths. By examining the marker (m1) in Fig.  21, it can be seen that 

the new line lengths exhibit delays which are within 0.34o of each other. These results 

should be verified in an EM simulator such as HFSS. However, the corrected PCB design 

files are ready for manufacturing in the near future. 
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1.4 Summary and Outline of Thesis Presentation  

The second chapter of this thesis discusses the practical design and use of modern, 

highly directive antennas and phased array systems. To be more specific, the design and 

characterization of custom axial-mode helical antennas (AMHA’s) that I have personally 

built and characterized will be emphasized, while a comparison to other commonly used 

directive antennas will be discussed. The study into the design, construction, and 

characterization of the custom AMHA's has been published at the IEEE RWS 2012 [20]. 

In the third chapter, I compare the performance of the NCVS biosensor when using 

the different antenna types discussed in Chapter 2, which study has been published at 

IEEE BioWireleSS 2012 [19]. The third chapter also discusses the use of AMHA’s to 

form 3-element phased arrays for use in the NCVS biosensor system developed at 

Professor Donald Lie’s Labs at Texas Tech. The performance of the NCVS sensor system 

will be analyzed using the phased array antenna at different steering angles to focus the 

high directivity illumination on different spots on the patient's body. The performance 

between the different beam spots will be compared and shown in this chapter, with 

statistical data carefully taken inside of an anechoic chamber.  

The last chapter and conclusion will discuss the observations gathered from the 

efforts described in the previous chapters. It will also offer suggestions and 

recommendations for continuing with the work of phased array systems in the biomedical 

and aerospace application fields. 
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Chapter 2 

Specialized Antenna Design Methods and Usage 
 

2.1 Basic Antenna Theory and Parameters 

Antennas provide the backbone of modern communications systems by providing an 

interface between electronic systems and the free space as a transmission medium. The 

discovery of the importance of antennas was started in the early 19th century when the 

electromagnetic theories of James Clerk Maxwell were explored by Heinrich Hertz, who 

was able to experimentally verify that Maxwell’s’ theories were correct [8]. In the late 

19th and early 20th centuries, inventors, scientists and engineering such as Hertz, Marconi, 

Loomis, Armstrong and others, have laid the groundwork for the evolution of modern 

communication systems through wireless means. Since that time, especially during 

periods of rapid development such as wartime, antennas have developed along with 

technologies in electronics that have allowed modern communications systems to become 

what we see and use every day. 

Antennas operate on the basic principles of electromagnetic interaction between free 

space waves and the behavior of electrical charges within the structure of a given 

antenna. On a practical and systems level, they provide as a “converter” or an interface 

between electrical systems and propagating electromagnetic waves in a medium; in most 

cases, that medium is free space or air. Antennas come in many different forms with 

many different specialized uses, but every antenna is still used as an interface between 

systems and transmission medium. 

There are seven major parameters used to characterize antennas which will be 

discussed in this work, taken as a subset of those parameters defined in [8]. The seven 

parameters are as follows, listed in order of importance to this particular thesis: Radiation 
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Pattern, Directivity, Gain, Half Power Beam Width, Input Impedance, Scanning, 

Bandwidth, and Polarization. These parameters will be discussed here in this section to 

provide a basic understanding of the characterization of antennas to the readers of this 

thesis. 

 

2.1.1.1 Radiation Pattern 

The radiation pattern of an antenna describes the variation of observed transmitted 

power as a function of the angle at which the observation is taking place at a fixed 

distance from the antenna, usually measured at far-field distances. The far field range is 

defined by the distance from the antenna at which far field patterns distributions become 

independent of the distance at which the radiation pattern is measured. Put more simply, a 

radiation pattern measured at one distance in the far field range would be identical to a 

pattern measurement taken at another distance in the far field range. A formula which can 

be used to estimate the far field range for a particular antenna can be seen in Equ. 2.2 in 

Chapter 2.2.1. 
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Fig.  22. Example of an antenna radiation pattern. This particular pattern is a 1.5 GHz axial-mode helical 
antenna measured in our in-house anechoic chamber. 

 

The radiation pattern is typically measured by rotating the antenna being evaluated or 

the antenna under test (AUT) around a defined axis, or set of axes. This process is also 

described in more detail in sections 2.2, 2.2.1 and 2.2.2. It is typically up to the 

investigator to determine whether or not to evaluate the antenna pattern in a 3-

Dimensional field (antenna rotation around 2 axes) or a 2-Dimensional field (rotation 

around a single axis). That determination is generally based upon the nature of the 

antennas intended for use. The antennas in this thesis are evaluated on a single axis basis, 

resulting in 2-Dimensional radiation patterns. This is done to simplify the evaluation of 

the antennas within the NCVS biosensor measurement space. A 3D pattern 
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approximation can be made by taking the E-field radiation patterns with the fields 

polarized horizontally and then vertically, forming two 2-D patterns which are orthogonal 

to the ‘zero’ axis of a particular antenna. 

When plotting antenna patterns and comparing plotted antenna patterns, the peak is 

typically normalized to 0dB and the remainder of the pattern is plotted as negative power 

points in dB from the peak. An example of a radiation pattern from an antenna can be 

seen in Fig.  22. This same pattern will be used to visualize the rest of the parameters in 

this section as well. 

 

2.1.1.2 Directivity, Gain, and Half Power Beam Width 

The directivity is a measure of the ratio of the peak radiated power compared to the 

power level transmitted in any direction if the total radiated power were distributed 

uniformly (e.g. an isotropic source). The directivity is an important characteristic of all 

antennas. In some cases, such as for regional broadcasting purposes, it is desirable to 

have antennas with low directivity so that radiation is more evenly distributed throughout 

a region. In point to point systems such as satellite communications, higher directivity is 

desired in order to transmit more signal power in a given direction. Directivity is 

typically represented by the variable ‘D’ and will be referred as such for the remainder of 

this thesis. 
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Fig.  23. Radiation pattern from Fig.  22, visualizing the concept behind the directivity of antenna. 

 

The half-power beam width (HPBW) is another useful measure of antenna 

performance that will be discussed in this thesis and it is used as a comparison method to 

evaluate antennas. It is defined as the total angle between the two nearest half power (-

3dB) points measured from the peak radiation power point of a directive antenna. This 

can also be referred to as the 3dB beam width, but will be referred to in this thesis as 

HPBW. 

Directivity, D = Distributed PowerPeak Power
Peak Power

Distributed Power



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
34 

 

 

Fig.  24. Diagram outlining the meaning behind the half-power beam width (HPBW) of an antenna. This 
particular antenna has a low HPBW which is good when a smaller illumination area is desired, such as with 
the NCVS system which will be measured using these directive antennas in Chapter 3. 

 

Gain is simply the directivity reduced by the losses introduced by the antenna. The 

losses of the antenna can also be described as the antenna efficiency ‘er’. In most cases, it 

is desirable to have as high of a gain as possible, which means achieving the highest 

efficiency possible for a given antenna. In an ideal case, the antenna efficiency would be 

100%, causing the directivity and gain to be quantitatively equivalent, but that is a near 

impossible occurrence in actual practice. Gain is typically represented by the variable ‘G’ 

and will be referred to as such for the remainder of this thesis. The gain is directly related 

HPBW Angle

-3 dB from peak
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to the directivity though the radiation efficiency of the antenna (see Fig.  23 and equation 

2.1). G and D are linear: 

𝐺 = 𝑒𝑟𝐷  (2.1) 

 

2.1.1.3 Input Impedance and Bandwidth 

The input impedance of an antenna ‘ZA’ is measured as the ratio of voltage to current 

at the input terminal of the antenna. It is a good practice to match the input impedance of 

the antenna to the impedance of the connected transmission line to maximize power 

transferred to or from the antenna. A specialized impedance matching technique will be 

described in detail for a custom designed helical antenna in chapter 2.3.3. 

The bandwidth is defined herein as the range of frequencies which allow the antenna 

to provide acceptable performance. These performance limits are defined by the user of 

the antenna for a specific purpose because the frequency seen by the antenna will affect 

all of the other parameters described in this section in different ways, and not all 

parameters are necessarily important or useful for a particular application. 

 

2.1.1.4 Scanning 

Scanning is defined as the spatial movement of the radiation pattern. Radiation 

pattern scanning is usually accomplished by mechanically moving the antenna or by 

adjusting the phase inputs to an array of antennas. The latter is known as phased array 

beam steering, and is the primary focus of the beam steering evaluation of the NCVS 

system detailed in Chapter 3.4. This concept will be referred to as beam steering hereafter 

in this work. This concept will be discussed in more detail in Chapter 2.4. A visualization 

of the scanning angle can be seen in Fig.  25. 
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Scanning Angle
(aka. Beam Steering Angle)

 

Fig.  25. Diagram showing the scanning angle concept. The angle is measured from the physical centerline 
of the antenna aperture (0o) to the peak radiated power point. 
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2.1.1.5 Polarization 

Polarization is a way of describing the behavior of the instantaneous electric field 

vector that is generated or received by the antenna. The polarizations are categorized by 

the shape or figure that the instantaneous electric field traces out with respect to time at a 

fixed observation point relative to the traversal of the electromagnetic wave front. The 

polarization of an antenna structure has an effect on the way the transmitted wave 

behaves, and vice versa for a wave polarization type on a particular type of antenna in the 

receive mode. There are 3 general forms of polarization which are: Linear, Circular, and 

Elliptical. In this thesis, only linear and circularly polarized antennas are discussed. 

 

2.2 Testing and Characterization of Antennas 

Antennas are typically characterized by their far field characteristics by means of a 

large testing range which can accommodate an antenna under test (AUT) and an 

illumination antenna with known performance parameters by which to illuminate the 

AUT with radiation or to receive radiation from the AUT. A generic antenna evaluation 

set up is shown in Fig.  26, where the AUT can be seen transmitting a CW signal from a 

signal generator and the known reference antenna is placed at the other end of the range 

and connected to a spectrum analyzer. 

In our evaluations, we use the Agilent E4432B Signal Generator and the Agilent 

E4440A Spectrum Analyzer to characterize the antennas. The antennas are connected to 

the spectrum analyzer via RF cables with SMA connectors. These cables are measured 

independently to measure their losses at the measurement frequency so that they can be 

subtracted out of the characterization when determining gain and efficiency. 
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Fig.  26. Drawing of the antenna testing set-up used for all of the antenna measurements in this thesis. The 
testing range used is the anechoic testing chamber described in section 2.2.1. 

 

2.2.1 Anechoic Testing Chamber 

In order to accurately measure the characteristics of an antenna, a suitable testing 

environment should be used to maximize direct radiation and minimized indirect 

radiation. Direct radiation is the radiation that travels in a direct line of sight (LOS) from 

the transmitting antenna to the receiving antenna in a testing environment. Indirect 

radiation is any radiation that is transmitted by the source but arrives at the receiving 

antenna by means of reflecting from an object. The measured power resulting from 

indirect radiation is not necessarily a function of only the angle of the antenna under test 

(AUT). Therefore, it is necessary to reduce or eliminate any means by which indirect 

radiation can affect the measurement in the testing environment. An illustration of direct 

vs. indirect radiation can be seen in Fig.  27.  The indirect radiation seen in the figure is 

strongest when reflecting from the specular (or halfway) point between the transmitting 

and receiving antennas. The specular point is the most important area to consider when 

working within a rectangular space such as a typical room. 
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Fig.  27. Illustration describing the difference between direct and indirect radiation. Also shown is the 
specular (half-way) reflection point where the strongest indirect radiation is usually seen by the antennas 
under test. 

 

The most common type of testing environment for smaller scale antennas such as 

those developed in this work is the indoor free space range anechoic chamber. The 

anechoic chamber can be designed within small or large rooms, depending on the types 

of antennas to be measured or the type of measurements that are desired. Anechoic 

chambers are typically rooms which employ special materials that absorb electromagnetic 

radiation. When these absorptive materials are placed in areas that create indirect 

reflections between the secondary antenna and the AUT, much more accurate 

measurements can be taken. 

A small anechoic chamber has been constructed for use in the RF/Analog-SoC 

laboratory at Texas Tech. This chamber was designed and constructed by Dr. Lopez and 

myself, with the guidance of Dr. Thomas Trost, initially for characterizing the antennas in 

this work and for Dr. Lopez’s current and future research efforts. However, the chamber 

will be highly beneficial for many other students and projects, and is suitable for isolating 

systems from outside noise as well as internal reflections. The dimensions of the room 
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used are 16 ft. (4.8 m) long, 12 ft. (3.66 m) wide, and 9 (2.75 m) ft. high. Therefore, the 

chamber is suitable for a far field measurement for antennas and arrays with a 0.5 m 

aperture or smaller at 2.8 GHz or less, referring to the following the far field equivalent 

range estimation, 

 𝑟𝑓𝑓 = 2𝐷2

𝜆
 (2.2) 

where rff is the far field range, D is the antenna electrical size, and λ is the wavelength at 

a given frequency [23]. 

The absorption material used in our anechoic chamber is 12” thick C-RAM SFC 

pyramidal carbon-impregnated foam from Cuming Microwave.  The material absorption 

is greater than 30 dB from 500 MHz to 50 GHz, and at least 37 dB from 1.0 to 3.0 GHz. 

Table 2 shows the absorption data published by Cuming Microwave for the C-RAM 

SFC-12 material. 

 

Table 2. Published performance data for the Cuming Microwave Absorber Material 

Frequency 
(GHz) 0.5 1.0 3.0 6.0 10.0 18.0 36.0 50.0 

Absorption 
(dB) 30 37 40 45 50 50 50 >45 
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Fig.  28. Illustration showing the anechoic chamber antenna measurement set-up (to scale). The walls and 
absorption materials are to scale but the locations of the antennas are not, due to the fact that they are not 
necessarily fixed. Objects shaded in blue represent areas which contain C-RAM SFC-18 pyramidal 
absorbers. 

An illustration of the anechoic chamber design can be seen in Fig.  28. The AUT is 

rotated by an automated system which will be described in detail in Chapter 2.2.2. The 

room is covered on four walls and the floor with the absorption material so that any 

radiation that is not line-of-sight is effectively eliminated in comparison to the direct 

radiation of interest for the radiation pattern capture. A panoramic image covering two 

walls of the chamber can be seen in Fig.  29. The image is taken from the back of the 

room near where the reference antenna is mounted. The automated turntable can be seen 

in the background in the left of the image. 

12'

16'

AUT

Floor Covered with More C-RAM SFC-18

radiation

External 
Measurment 
Equipment

Fixed Antenna



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
42 

 

 

Fig.  29. Panoramic image of the anechoic RF testing chamber at Professor Lie’s Lab 
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2.2.2 Automated Capture of Radiation Patterns 

Capturing the radiation pattern of an antenna effectively requires that the AUT be 

rotated in equal increments around a defined plane, while the transmitted and received 

power is recorded at each step in the incrementing rotation. In most cases, the AUT is 

rotated through a full 360o cycle so that the entire radiation pattern in the particular plane 

being examined can be documented. The continuous wave (CW) signal frequency must 

be kept constant through the entire cycle as well as the signal power. If those two 

parameters are not kept constant at the electronic input/output of the antennas, the pattern 

measurement will be corrupted. 

2.2.2.1 First Generation Pattern Measurement System 

A series of progressive systems were developed to capture the antenna patterns 

starting in the spring of 2010. A group of undergraduate seniors at Texas Tech University 

consisting of Jesse Banda and Joseph Peters developed the first system for their senior 

laboratory project before graduating. This pattern measurement system consisted of a 

unipolar connected stepper motor with a 10:1 gear reduction ratio. A wooden turn-table 

was attached to the output shaft of this motor and acts as the platform for which antennas 

are attached to. The motor was driven by a set of Darlington power FET switches 

controlled by a Microchip PIC processor. The PIC processor stepped the switches 

through the stepper motors’ natural phase progression, with each step being triggered by 

the press of a button. The AUT and the reference antenna were connected to the RF 

testing equipment as described in Fig.  26. This system allowed for an angular resolution 

of 0.72o
 which comes from the motor assembly taking 500 steps to achieve a full 360o 

circle. This particular pattern measurement system required that a person sat at the testing 

bench to press the ‘step’ button 500 times, while recording the power measured by the 

spectrum analyzer at the testing frequency for each step. The process ultimately takes 

approximately 3 hours to complete a single test, with full attention being required by the 
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user the entire time. We were able to publish our paper on customizable helical antenna 

designs at RWS 2012 in Santa Clara, CA thanks to this system and the time spent by 

Royce Hwang, our visiting student from Cornell University in the summer of 2011, who 

diligently sat and pressed the ‘step’ button tens of thousands of times while recording the 

measurement data [21]. The process by which measurements were performed and 

recorded can be seen in Fig.  30 below. 

 
Fig.  30. Process flowchart for completing a radiation pattern measurement with the first iteration of the 

antenna patterns measurement system.  
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2.2.2.2 Second Generation Pattern Measurement System 

The second iteration of this system consisted of the same stepper motor unit, the same 

PIC controller unit, and the same digital ‘step’ signal required which increments the test. 

The changes in this iteration of the measurement system consisted of removing the need 

for a person to ‘babysit’ the data capture and stepping control. Instead, National 

Instruments LabVIEW was used along with an NI-DAQ 6009 USB data acquisition unit 

to generate the ‘step’ signal used to increment the PIC microprocessor. Additionally, 

LabVIEW was interfaced with a USB to a GBIP converter so that it could interface with 

the signal generator and spectrum analyzer to adjust the RF parameters of the test, and 

record the data into an array to be saved at the conclusion of the rotation cycle.  

At the initialization of the LabVIEW VI written to perform the test, the software 

opens GPIB communications with the Agilent signal generator and spectrum analyzer to 

set the RF parameters of both instruments which are defined by the user in the VI front 

panel in LabVIEW. The VI then starts the measurement process, and generates a digital 

signal with one of the digital I/O pins on the NI-DAQ. This signal replaces the push-

button output on the PIC microprocessor motor control unit from the original system. 

Once the step signal is sent to the DAQ, the software waits for a user defined number of 

seconds (usually 2-3s) for the stepper motor to complete the step and allow for the AUT 

platform to stabilize. The stabilization time is required because each time the stepper 

motor takes a step; the table shakes for a short time from the quick acceleration and 

deceleration before becoming motionless. Once this waiting period is complete, the VI 

captures the output spectrum from the spectrum analyzer and appends the power level 

seen at the measurement frequency to the end of an array of data points which contains 

the power vs. angle information. At the end of the pattern rotation cycle (500 steps 

taken), the LabVIEW VI saves the power level vs. angle data array into a file which can 

be opened in Excel or Matlab to be analyzed and plotted. 
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This iteration of the pattern measurements system has the major advantage of 

requiring much less time to operate. It only requires that the user define a few initial 

variables and then start the test. As compared to the original method, a single test with 

this system could be completed in about 45 minutes, while only requiring a few minutes 

of time from the user. This constitutes a significant reduction in the labor that was 

originally required by the user to complete a radiation pattern measurement. A flowchart 

describing the process and software flow of the second generation system powered by 

LabVIEW can be seen in Fig.  31 below. 

 
Fig.  31. Process flow and software flow of the second generation pattern measurement system powered by 

LabVIEW. 
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2.2.2.3 Third Generation Pattern Measurement System 

Although the second generation pattern measurement system reduces the human load 

factor considerably, the system still suffered from a relatively low pattern resolution 

(0.72o per step) and a long test cycle (approx. 45 minutes). Casey Leavitt, a fellow 

graduate student in Dr. Lie’s RF/Analog-SoC lab, was able to apply his knowledge of 

stepper motor control and his programming skills to develop a new hardware and 

software interface system using Matlab, which offered solutions to all of the remaining 

issues within our pattern acquisition systems up to that point in time [24]. The new 

system employed the same stepper motor and turn-table hardware from the previous two 

systems, and re-engineered all of the outside control, measurement, and human 

interfacing. This system developed by Casey Leavitt is the system used for all pattern 

measurements displayed in this thesis unless otherwise noted. 

The hardware used in this new system is based on the Texas Instruments DRV8829 

full H-bridge motor driver chip, and an MSP430 microcontroller unit. Two DRV8829 

chips are connected to the stepper motor in a bi-polar configuration, which is different 

from the original set-up which employed a unipolar electrical connection. The bipolar 

connection allows for the DRV8829 chips to commutate the stepper motor with a higher 

resolution using a micro-stepping control pattern generated by the MSP430 

microprocessor. The DRV8829 and MSP430 combination with micro-stepping allows the 

antenna to be rotated continuously as the Matlab GUI queries the spectrum analyzer for 

data at pre-configured intervals. Because of this, the antenna no longer suffers from the 

jitter present when full stepping the motor as was the case with the two original systems. 

The software portion is programmed in Matlab and includes a simple GUI interface 

which allows the user to set all testing parameters from the micro-stepping resolution of 

the motor drivers, to all of the RF parameters on the Agilent E4440A portable spectrum 

analyzer (PSA). The software interfaces with the PSA through a TCP/IP connection over 
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a wireless network, and controls stepper motor settings and commutation through a USB 

connection to the DRV8829 board. The GUI displays the front panel screen of the PSA 

and traces the peak power as the antenna is rotated around its axis in the chamber during 

a test on another graph. The Matlab software keeps track of the number of steps issued 

and the stepping resolution so that it is always aware of the position of the antenna 

relative to the starting point of the test. At the conclusion of the test, the program saved 

the recorded pattern data to an excel spreadsheet and allows the user to plot the data in a 

polar plot and save it as an image file. 

Not only does this system deliver a higher resolution with micro-stepping, it also 

reduced the full measurement time to a mere 11 minutes. This allows us to take pattern 

measurements on 5 to 6 antennas per hour rather than 5 to 6 antennas in a full 24 hours. 

The table below offers and overview of the specifications of the three systems used to 

date. 

 
Table 3. Test specifications for the three iterations of the pattern measurement system 

 Pattern Resolution  
(per data point) 

Measurement Time 
(per test) 

Human Load Factor 
(per test) 

Original System 0.72o 180 Minutes 180 Minutes 
LabVIEW 

System 0.72o 45 Minutes 3 Minutes 
Matlab System 

[11] 0.18o 11 Minutes 1 Minute or less 
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Note: Re-drawn from [24] (Fig. 21) with permission from the Author. 

 

Fig.  32. Matlab software flow from the 3rd iteration of the radiation pattern measurement system. 
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2.2.3 Methods for Determining Antenna Parameters 

Most of the antenna characterization parameters can be calculated directly by 

analyzing the shape of the radiation pattern for a specific frequency. For instance, the 

radiation pattern, directivity, half-power beam width, scanning angle can all be found 

directly from an analysis of the radiation pattern. The gain of an antenna is an interesting 

parameter which can be calculated by using information available in the radiation pattern, 

along with certain pieces of information from other sources. The details of finding the 

gain of an antenna will be discussed later in this section. The rest of the antenna 

performance parameters can be found using a network analyzer to examine the S11 

behavior of the antenna input port. The network analyzer can display information about 

impedance, VSWR, and help with determining the bandwidth of an antenna. 

In this thesis work, the radiation pattern parameters of the antennas will be 

determined programmatically using the data output of the 3rd iteration pattern 

measurement system and another Matlab script. The Matlab script that I have written 

performs a series of simple searches and calculations on the 2000 point (0.18o angular 

resolution) data array that is exported by the 3rd generation Matlab pattern measurement 

GUI. The program determines HPBW for both vertical and horizontal E-field polarization 

alignments by taking both data pattern files simultaneously. It then uses the HPBW 

information to approximate the 3D peak directivity based on the two orthogonally aligned 

patterns for a particular antenna or array. In some cases, such as when the antenna 

exhibits near-isotropic behaviors, the program may not complete the HPBW search 

properly. Because of this, the program has the capability to re-plot the vertical and 

horizontal patterns so that the user can make a judgment on whether or not to consider the 

antenna ‘directive’ in nature. 
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2.2.3.1 Determining Scanning Angle 

The Matlab program in Fig.  33 calculates the scanning angle of an antenna or 

antenna array by finding the index of the maximum radiation point in the 2000 point 

array and multiplying it by the angular resolution (0.18o). This value is then subtracted 

from 180o to find the deflection from the center point. It is important to ensure that the 

physical antenna aperture is aligned properly in the testing environment in order to get an 

accurate value for the scanning angle. The ‘zero’ or center point of the testing turn table 

is determined by the position of the motor when the test starts. This is not as important 

when the scanning angle of an antenna (i.e. a single antenna) is not relevant information, 

as is apparent by the way that the Matlab program determines HPBW and directivity. 

2.2.3.2 Determining Half Power Beam Width 

The Matlab code presented in Fig.  33 calculates the HPBW of the antenna being 

analyzed and can use that information to find other parameters as well. By starting from 

the index found from the scanning angle (maximum power density angle), which will 

theoretically be within the range covered by the main beam width, the program uses two 

“while loops” to scan outward from the maximum radiation point on the upper-

normalized logarithmic pattern data. The scans continue until they reach a value of -3 dB 

or less, indicating that the radiation has degraded to half of the maximum power point. 

The number of index points covered by both loops are added together and multiplied by 

the angular resolution (0.18o) to generate the HPBW value. This is done for the E-field 

pattern data for both the vertical and horizontal principal pattern cases to approximate the 

3D directivity, which will be explained later in this section. 
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Fig.  33. Matlab code used to determine Directivity, Scanning Angle, and HPBW that I have written 

%   Matlab program for calculating directivity, HPBW, and scanning angle. 
%   Input is matlab data generated by Casey Leavit's pattern measurement 
%   code from his 2011 thesis work. 
%   Copyright 2012, Alex Boothby. 
%   RF-SoC Laboratory, Texas Tech University. Advisor: Dr. Donald Y.C. Lie 
  
%prepare prompt window 
clear;clc; 
  
%read in xls data (set file location) 
antpatternH = transpose(xlsread('HUM_3000.xls',1,'A1:A2000')); 
antpatternV = transpose(xlsread('HUM_3000.xls',1,'A1:A2000')); 
  
%Convert dBm to mW (Log to linear) 
antpatHlin = 10.^(antpatternH/20); 
antpatVlin = 10.^(antpatternV/20); 
  
%Find Max value and index of Max value for both patterns 
[maxH,iH]=max(antpatternH); 
[maxV,iV]=max(antpatternV); 
  
%Calculate Angle of Max Radiation 
maxradH = 180-(iH*.18); 
maxradV = 180-(iV*.18); 
  
if(iH<500||iH>1500) 
    iH = 1000; 
end 
if(iV<500||iV>1500) 
    iV = 1000; 
end 
  
%initialized search start point for HPBW 
iHl = iH; 
iHr = iH; 
iVl = iV; 
iVr = iV; 
  
%Normalize dBm scale patterns so Max = 0 
antpatHnorm = antpatternH - max(antpatternH); 
antpatVnorm = antpatternV - max(antpatternV); 
  
%Plot the two antenna patterns for verification 
phi = linspace(-pi,pi,2000); 
p1 = polar(phi,antpatHnorm+30) 
hold on; 
p2 = polar(phi,antpatVnorm+30,'red') 
set(p1,'linewidth',3); 
set(p2,'linewidth',3); 
hold off; 
  
%Search for HPBW cutoff points 
while ((antpatHnorm(iHl)>-3)&&(iHl>0)) 
    iHl = iHl-1; 
end 
while ((antpatHnorm(iHr)>-3)&&(iHr<2000)) 
    iHr = iHr+1; 
end 
while ((antpatVnorm(iVl)>-3)&&(iVl>0)) 
    iVl = iVl-1; 
end 
while ((antpatVnorm(iVr)>-3)&&(iVr<2000)) 
    iVr = iVr+1; 
end 
  
%Calculate HPBW 
bpbwH = (iHr-iHl)*0.18 
hpbwV = (iVr-iVl)*0.18 
  
%Calculate Directivity 
Dir = 10*log10((4*pi*(180/pi)^2)/(bpbwH * hpbwV)) 
%END OF FILE 
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2.2.3.3 Determining Directivity 

Directivity is a measure of how directional an antenna's radiation pattern is. An 

omnidirectional antenna that radiates equally in all directions would have, in effect, zero 

directionality, and the directivity of this type of antenna would be 1 (or 0 dB). The 

directivity can be calculated using a HPBW approximation for the beam solid angle. The 

beam solid angle is defined as the angle through which all of the radiation would come 

from if the total power radiated were distributed into a cone where the radiation intensity 

per unit angle equaled the peak radiation intensity value. The angle defining said cone is 

the beam solid angle. This angle can be approximated in 3D by taking the vertical and 

horizontal HPBW’s and multiplying them together to form the square solid angle 

approximation. For a given radiation pattern F(θ,φ) that is normalized to its unity peak, 

the antenna directivity can be normally calculated by the following equation when a full 

3D pattern is available for analysis: 

 
A

D
Ω

=
π4 , (2.3) 

 where D is the (linear) directivity, Ω A is the beam solid angle [in radians] and 

( )∫ ∫=Ω
ππ

φθθφθ
2

0 0

2 sin, ddFA , and 4π is the total spherical solid angle [8, 23]. However, in 

the majority of cases, the full 3D pattern measurement is not available due to the high 

cost and complexity of the mechanical and electrical systems required to capture such a 

measurement. Therefore, The HBPW approximation is used to replace the beam solid 

angle with the orthogonal HBPW’s multiplied together. The two HPBW’s are expressed 

in this thesis by ΘH and ΘV for the horizontal and vertical plane HPBW’s, respectively. 

The beam solid angle approximation is described as VHA ΘΘ≈Ω , and then the directivity 

approximation can be made as: 
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VH

D
ΘΘ

≈
π4 (if Θ is expressed in radians)  

or 

 
VH

D
ΘΘ









≈

21804
π

π
(if Θ is expressed in degrees) (2.4) 

This approximation shown in Eq. 2.4 is useful in most normal aperture antennas 

(single antennas, linear 1-D arrays, non-planar arrays, and antennas without parabolic 

reflectors) [23]. The linear directivity is approximated by Eq. 2.4 and can then be 

converted to dBi (dB relative to an isotropic source) with the equation: 

( )DD 10log10(dB) = . The Matlab script I wrote (see. Fig.  33) uses this method of 

Directivity approximation to estimate the beam solid angle using the HPBW’s measured 

from the principal planes (vertical and horizontal E-fields). 

 

2.2.3.4 Determining Gain 

Out of the parameters of interest in this thesis, the impedance characteristics (Input 

impedance, VSWR, Impedance bandwidth) and Gain are the only parameters which 

cannot be adequately inferred with only the radiation pattern. However, the Gain 

measurement for a particular antenna can be calculated in a number of different ways. In 

some cases, it is reasonable to make an approximation for the gain of an antenna. For 

example, if one assumes that the radiation efficiency, er, of an antenna is 100%; we can 

show from Eq. 2.2 that the gain would be equal to the directivity. However, perfect 

radiation efficiency is an impractical assumption and so the gain must be measured. 

Another way to describe the directivity is: The maximum gain that the antenna could 

achieve if it were able to operate with no loss. In all realistic cases, the gain will be less 
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than the directivity by some degree, even if very small. In this thesis work, gain will 

typically be measured using either the Friis Transmission Formula and two identical 

antennas, or the gain comparison method with one AUT and a reference antenna with 

known parameters. 

 

2.2.3.5 Gain Comparison (Gain Transfer) Method 

The gain comparison method is a way to find the gain of an antenna by comparing its 

received power level to that of a known antenna. This method is the most accurate way to 

determine the gain of an antenna as long as the gain of the reference antenna used is 

trusted and accurate. The basic idea is that a source antenna is attached to a CW signal 

source at a fixed power level and frequency; and using the reference antenna of known 

gain (GR), a power level reading (PR) be made at the same frequency with the peak of the 

reference antenna pattern centered on the signal source antenna. The next step is to 

replace the reference antenna with the AUT antenna; also with its radiation pattern peak 

centered on the source antenna. This method requires that the AUT’s radiation pattern has 

already been measured. The received power level at the frequency of measurement (PT) 

should be recorded. At this point the user should have all of the information needed to 

calculate the gain of the AUT (GT). If the power measurements were taken on a linear 

scale, the linear gain of the AUT can be found by using Eq. 2.5 below. 

 R
R

T
T G

P
PG =  (2.5) 

In most cases, the power level measurements would be recorded in dBm, and the gain 

values in dB. Therefore, Eq. 2.6 would be used to calculate the gain of the AUT in dB 

[23]. 

 )dB()dBm()dBm()dB( RRTT GPPG +−=  (2.6) 
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Fig.  34. Drawing of the anechoic chamber set up for gain calculation using the gain transfer method. 

 

2.2.3.6 Friis Transmission Equation Method for Gain Determination 

When testing is being conducted in a controlled environment, such as the anechoic 

chamber described in Section 2.2.1, the Friis transmission equation can be used to 

estimate the gain of an antenna. Because the Friis Transmission Formula is based on a 

series of assumptions (free-space path loss conditions) already, it is generally taken that 

the gain calculated by this method is an approximation. The method assumes that the 

antennas used in the environment are in far-field range with respect to each other, and 

that multipath reflections are minimized as well. These conditions are met for the 

antennas tested inside our anechoic chamber in Dr. Lie's RF/Analog-SoC lab at Texas 

Tech University. 

The Friis Transmission Equation is an equation developed by Harald T. Friis at Bell 

Labs, which allows engineers to estimate the performance of the transmission link in a 

telecommunications system. It employs the free-space path loss formula and antenna 

gains to estimate the power level which would be expected on the receiving end of a 
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wireless link when the transmitting power is known. However, the equation can be 

arranged to solve for any unknown variable as long as the other variables are known. The 

standard equation is written as: 

 
2

4






=

R
GG

P
P

rt
t

r

π
λ  (2.7) 

, where Pr and Pt are the received and transmitted power, respectively (Watts), Gt and Gr 

are the transmitter and receiver antenna gains, respectively (linear gain), λ is the 

wavelength of the test signal, and R is the distance between the two antennas (λ and R 

should use the same unit) [23]. If the gains and powers are used in the logarithmic scale 

(dB and dBm), the equation can be re-written as follows: 

 





+++=

R
GGPP rttr π

λ
4

log20 10  (2.8) 

, with the same variables as in 2.7, except with antenna gains expressed in dB and power 

expressed in dBm. 

One of the conditions necessary to use the Friis transmission formula with accuracy is 

that the bandwidth of the signal be narrow enough that the antenna responds similarly 

across the entire bandwidth in questions. Because this is a controlled characterization 

environment and the test is configured as seen in Fig.  26, we can calculate the gain of an 

antenna at a fixed CW frequency, giving us a good approximation of the gain at that 

specific frequency. 

There are two ways to obtain the approximated gain of an antenna using this method. 

The first method is similar to the gain transfer method described earlier, except instead of 

replacing the known reference antenna with the unknown AUT to calculate the gain, one 

uses the reference antenna as the source. In this case, the gain of the transmitting antenna 

is known, as well as the power transmitted into the antennas port (assuming that the 
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transmission lines have been measured for losses). The AUT is then placed in position in 

the far field area of the chamber and the power received can be measured at a fixed 

frequency, after being calibrated with the known transmission line loss. 

 

Fig.  35. Drawing of the test chamber set up for gain calculation using the Friis Transmission Equation. 

 

In Fig.  35 it can be seen that the data available to the observer in this case is only 

measureable on the testing equipment, which is separated from the antennas by the RF 

cabling. If the cables are first measured to record their losses at the test frequency, the 

loss parameter can also be added into the transmission equation to form the following: 

 ( ) ( ) 





+++−=+

R
GGTPTP rtttrr π

λ
4

log20 10  (2.9) 
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+++=
π
λ

4
log20 10  (2.10) 

It can clearly be seen in Eq. 2.10 that the losses due to the lines (Tt and Tr) are taken 

into account when power is measured at the output of the signal generator and the input 
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of the spectrum analyzer (Note: the 'loss' or 'T ' is expressed by a positive value in dB in 

this case). To find the gain of the AUT, the user should simply solve the above equation 

for Gr and plug in the other measured and known variables and evaluate. 

The equations discussed so far imply that the AUT is being measured against a 

reference antenna with known gain. Another case which can be explored with this 

method is to analyze the gain of two identical antennas of unknown gain. In this case, the 

gain of the two identical antennas should be equal. 

 rt GG =  (2.11) 

Substituting 2.11 into 2.10 yields: 

 ( )trrtr TT
R

GPP +−





++=
π
λ

4
log202 10  (2.12) 

This equation can be used to estimate the gain of an unknown antenna design if two 

identical units are available for testing. The radiation patterns should be measured first so 

that the peak of each antenna pattern can be directed at the other. Additionally, for all the 

characterization described in this section, the antenna polarization should be taking into 

account so that the two antennas are co-polarized during a test; and this means both 

antennas have the same type of polarization and are polarized in the same direction. 

Otherwise, the gain data measured will be highly inaccurate. 

As was stated earlier, the loss on the transmission lines running between the AUT’s 

and the measurement equipment must be known in order to make an accurate 

measurement of the peak gain. The table below shows the specification for the RF cable 

line losses at the time of the writing of this thesis. If the lines are changed in any way in 

the future, they will need to be re-measured at each testing frequency to be used. 
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Table 4. Table of losses (in dB) of the RF cables used for antenna testing in the anechoic chamber. 

f (MHz) Loss (dB) f (MHz) Loss (dB) f (MHz) Loss (dB) f (MHz) Loss (dB) f (MHz) Loss (dB) 

600 -12.6 1100 -17.3 1600 -24.3 2100 -25.6 2600 -26.9 

700 -13.7 1200 -18.3 1700 -25.2 2200 -23.8 2700 -27.6 

800 -14.8 1300 -19.4 1800 -23.7 2300 -24.3 2800 -28.4 

900 -15.7 1400 -20.1 1900 -24.0 2400 -24.9 2900 -28.5 

1000 -16.7 1500 -21.1 2000 -25.0 2500 -26.1 3000 -28.6 

 

2.3 Directive Antennas 

As was described briefly in section 2.1, directive antennas are those in which the 

radiation pattern is not isotropic. In reality, all antennas have a certain degree of 

directivity, as it is nearly impossible to create a perfectly isotropic antenna. As we are 

dealing with the NCVS system in this thesis, it is appropriate to evaluate antenna which 

have a high degree of directivity compared to the majority of commercial-off-the-shelf 

(COTS) antennas. In this section, a description of each type of antenna which we evaluate 

within the NCVS system will be offered. These antennas include: log periodic antennas, 

microstrip patch antennas, and a custom designed axial-mode helical antenna which is the 

main focus of this thesis work. The first two antennas are commonly found directive 

antennas, and they are used for comparison to the helical antennas that I have designed in 

this thesis work. 

2.3.1 Log Periodic Antennas 

Log periodic antennas are formed by a structure in which the input impedance and 

radiation parameters repeat periodically with respect to the logarithm of the frequency 

(hence the name log-periodic). However, in practice, log periodic antennas are considered 

to be broadband and frequency independent. The log-periodic antennas used within this 

work are log-periodic dipole arrays (LPDA). An LPDA is a basically an array of dipole 

antennas with increasing lengths connected in series [23]. 
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Fig.  36. Drawing showing the typical structure of an LPDA. 

 

Fig.  37. Image of the Ramsey Electronics LPDA used in this thesis work. The dipoles can be seen printed 
on both sides of the FR-4 substrate in a similar pattern to that shown in Fig.  36. 
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The LPDA’s used in this thesis work are COTS antennas from Ramsey Electronics 

catalog. They have published frequency bandwidth of 1.7 GHz, from 900 MHz to 2600 

MHz [25]. The bandwidth of an antenna is determined upon manufacturer or user defined 

parameter boundaries. For example, if the user is only interested in the input impedance 

characteristics of an antenna, and not the radiation characteristics, they may state that the 

bandwidth is defined by the performance of the voltage-standing-wave-ratio (VSWR) or 

the S11 in dB (the same data presented in different forms). On the other hand, the user 

may be interested in the radiation pattern only, and in that case the bandwidth can be 

determined by the stability of the shape of the radiation pattern. This particular LPDA has 

a published gain of 6 dBi across its entire bandwidth, but the parameters used to 

determine that bandwidth criteria were not published with it. In general, when the VSWR 

is used to determine the bandwidth, it is simply the region where the VSWR is less than 

2.0. However, an antenna may not always radiate well at all frequencies where the 

VSWR is within that criteria, so it is truly up to the user or manufacturer to determine the 

parameters of interest and to characterize the antenna for a specific use (i.e., the 

parameters which are important for that application).  

The S11 of the Ramsey LPDA is measured on the Agilent E8363B network analyzer 

to examine the input impedance response. This measurement is beneficial in the 

characterization of any antenna because it presents a large amount of information 

regarding the RF power transfer to the antenna input versus frequency. The following 

figures present the S11 measurements from the three individual LPDA's. 
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Fig.  38. Measured input return loss (S11) of the three LPDA antennas. 

 

 

Fig.  39. Measured input impedance of the three LPDA antennas over their published range of operation 
(900 MHz - 2.6 GHz). 

 

dB
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It can be seen from Fig.  38 that the reflected power reaches -10 dB at about 900 

MHz. As was stated previously, a general rule of thumb is that the impedance bandwidth 

limits are determined by where the VSWR is roughly equal to 2.0. Mathematically, a 

VSWR of 2.0 corresponds to about -10 dB of reflected power (-9.542 dB to be exact). In 

this case, we can estimate that the lower bound of the antennas bandwidth is roughly 900 

MHz as the manufacturer has published. On the other end of the spectrum, the antennas 

return loss begins to exceed -10 dB again when the frequency reaches between 3.2 and 

3.5 GHz. This information suggests that the manufactures used a different parameter than 

the input impedance to determine the upper bound of the bandwidth. 

 

Ramsey LPDA Radiation Patterns 

The antenna patterns for three individual Ramsey LPDA’s will be shown in the 

following set of figures. For each antenna, the E-field antenna pattern will be taken in 

two planes; one with the LPDA rotating with the plane of the PCB perpendicular to the 

axis (0o case), and another with the axis in the direction of the dipoles (90o case). The 

reference antenna is rotated 90o with respect to the feed axis in the chamber along with 

the AUT for the second pattern case so that the E-field polarization is still being 

measured. The previously described set of data will be measured at a number of different 

frequencies as well, with two frequencies being outside of the published bandwidth of the 

antenna. The frequencies that are used in the measurements are the following: 600 MHz, 

900 MHz, 1500 MHz, 2000 MHz, 2400 MHz, 2600 MHz and 3000 MHz. The 800 and 

3000 MHz cases are outside of the published bandwidth, so that we can see the antenna 

radiation pattern behavior outside of that region as well. The 1500 MHz case is tested to 

support current efforts of Dr. Lopez; and the 2400 MHz case is measured because it is the 

design frequency of the NCVS biosensor. In Fig.  40 below, the orientations for the two 

E-field measurements are shown. For the 90o case, the antenna is simply rotated 90o on 
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its feed axis. The receiving reference antenna is also rotated the same way to maintain E-

field polarization. 

 

Fig.  40. Drawings showing the orientations of the antennas during the following measurements. 
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600 MHz Measurements 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  41. Measured Radiation Pattern of LPDA I at 600 MHz 

 

 

Fig.  42. Measured Radiation Pattern of LPDA II at 600 MHz 

 

90o Orientation 

 

 

0o Orientation 

 

90o Orientation 

 

0o Orientation 



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
67 

 

 

 

Fig.  43. Measured Radiation Pattern of LPDA III at 600 MHz  

 

Based on the radiation pattern measurements shown here at 600 MHz, it is clear that the 
antenna is not very directive at this frequency. It is difficult to ascertain the actual 
performance of the antenna when the patterns look as they do here. Even though this 
pattern is non-directive in the forward direction, it still looks clean and stable. However, 
the antenna performs very poorly in this condition, as the measured gain happens to be 
only -12.3 dB as can be seen in Table 5. 
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900 MHz Measurements 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  44. Measured Radiation Pattern of LPDA I at 900 MHz 

 

Fig.  45. Measured Radiation Pattern of LPDA II at 900 MHz 
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Fig.  46. Measured Radiation Pattern of LPDA III at 900 MHz 

 

At 900 MHz, the radiation pattern begins to become more directive in the forward 

direction (i.e., in the co-polarized horizontal orientation or 0o). By observing the forward 

and rearward main lobes, it can be seen that slightly more power is contained in the 

forward lobe than in the rearward lobe.  
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1500 MHz Measurements 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  47. Measured Radiation Pattern of LPDA I at 1500 MHz 
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Fig.  48. Measured Radiation Pattern of LPDA II at 1500 MHz 

 

Fig.  49. Measured Radiation Pattern of LPDA III at 1500 MHz 

 

The 1500 MHz condition displays a clearly forward directivity in both co-polarized 

orientations. The tabulated characterizations of the LPDA's are all frequencies will be 

tabulated in Table 5.  
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2000 MHz Measurements 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  50. Measured Radiation Pattern of LPDA I at 2000 MHz 
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Fig.  51. Measured Radiation Pattern of LPDA II at 2000 MHz 

 

Fig.  52. Measured Radiation Pattern of LPDA III at 2000 MHz  

 

At 2.0 GHz, the antennas pattern is still maintaining a forward directivity. However, 

the 0o orientation patterns display an unsteady and asymmetrical shape. This may be due 

to the asymmetrical design of the dipole's comprising the antenna itself, along with the 

fact that perhaps the antenna is not perfectly stable across its entire bandwidth. Some 

frequencies will perform better than others, and that performance may not follow a 

deterministic pattern, since the internal design of the antenna is discrete, and not 

continuous, in nature.  
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2400 MHz  Measurements 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  53. Measured Radiation Pattern of LPDA I at 2400 MHz 

 

Fig.  54. Measured Radiation Pattern of LPDA II at 2400 MHz 
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Fig.  55. Measured Radiation Pattern of LPDA III at 2400 MHz 

 

It is visible in the figures above that the LPDA at 2.4 GHz is still fairly directive. This 

is a good characteristic at this frequency since it is the design frequency of the NCVS 

biosensor system, with which these antennas will be evaluated for their performance in 

Chapter 3. The pattern itself also begins to become more stable in the side lobes again, as 

opposed to what was seen at 2.0 GHz. 

  

 

90o Orientation 

 

0o Orientation 

 



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
76 

 

2600 MHz Measurements 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  56. Measured Radiation Pattern of LPDA I at 2600 MHz 

 

Fig.  57. Measured Radiation Pattern of LPDA II at 2600 MHz 
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Fig.  58. Measured Radiation Pattern of LPDA III at 2600 MHz 

 

The LPDA's operating at 2.6 GHz show good forward directivity in shape, but the 

first side lobe (FSL) levels begin to increase to above -10 dB from the peak power. An 

FSL level of -10 dB or more is a good limit for the radiation pattern bandwidth limit. 

Increasing the frequency further beyond this point will, in most cases, results in the 

pattern becoming stable with a non-deterministic directivity, as will be seen in the next 

measurements at 3.0 GHz. 
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3000 MHz Measurements 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  59. Measured Radiation Pattern of LPDA I at 3000 MHz 

 

Fig.  60. Measured Radiation Pattern of LPDA II at 3000 MHz 
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Fig.  61. Measured Radiation Pattern of LPDA III at 3000 MHz 

 

It is clear from the 3.0 GHz figures above that the Ramsey LPDA design is not 

intended for directive use at frequencies above 2.6 GHz. It is perhaps impossible to 

determine a direction in which the radiation pattern has positive features for use in a 

system requiring higher directivity and more focus radiation illumination such as the 

NCVS biosensor at this frequency. 

This also gives a good characteristic by which the upper bound of the antennas 

bandwidth can be determined. Since the VSWR is adequate up to 3.2+ GHz, but the 

antenna pattern becomes clearly unstable past 2.6 GHz, we can state that the upper 

bandwidth limit was very likely determined by the radiation pattern during manufacturer 

characterization. These two boundaries (900 MHz [impedance] and 2.6 GHz [pattern]) 

give us a fairly accurate measurement case to back up the published bandwidth of 900 

MHz to 2.6 GHz published by the manufacturer of the antenna. 
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Ramsey LPDA Gain 

The gain which is published in the instruction manual for the Ramsey LPDA will be 

tested using the method described in Section 2.2.3, Eq. 2.12. Two identical Ramsey 

LPDA's are positioned with their peak radiation directivities pointed at each other in the 

anechoic chamber as displayed in Fig.  35.  The form of Friis transmission equation used 

is that shown in Eq. 2.12 because both antennas in the procedure are unknown and 

identical in construction. Thus, their gains should be identical. 

The known testing parameters are the transmitting power Pt, the losses on the lines Tr 

and Tt, the range separation R, and the wavelenth λ. After the test, the power measured at 

the spectrum analyzer, Pr, will also be known. The wavelength is calculated by dividing 

the nominal speed of light in free space (3x108 m/s) by the frequency of the analysis (2.4 

GHz). This turns out to be 0.125 m in this experiment. The power supplied to the RF 

transmit cable from the signal generator is 0 dBm. The range separation between the two 

antennas in this case is 3.05 meters. The transmitting and receiving cable losses are 13.5 

dB and 14.44 dB, respectively (at 2.4 GHz). Plugging all of these values into 2.12 we get: 

 ( )dB 5.13dB 44.14
)m 05.3(4

m 125.0log202dBm 0 10 +−







++=

πrr GP  (2.13) 

Evaluating 2.13 and solving for our current known values we get: 

 7.772 −= rr GP  (2.14) 

In 2.14, we can see that -77.7 dBm would be the power expected at the receiver of the 

spectrum analyzer if the gain of the AUT's were 1 (0 dB). However, when we take the 

measurement of the power at the spectrum analyzer, we see a value of -65.8 dBm for Pr. 

We can now rearrange 2.14 and solve for Gr: 
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This result is verified by the Ramsey in the LPY2 instruction manual, in which it 

claims about 6 dB for the gain of the antenna [25]. Because we have measured the gain of 

the Ramsey LPDA at only 2.4 GHz in this example, we perform the same measurement 

for the antennas at each frequency listed in the pattern measurements. Once the gain is 

known at all frequencies of interest, the antenna can be used as a reference antenna for 

the gain measurements of other linearly polarized antennas used in this work by using the 

gain transfer method in 2.2.3.  

The table shown on the next page tabulates the important parameters for the Ramsey 

LPDA’s at each frequency. This data includes Half-Power Beam Widths (HPBWs) for 

both the 0o and 90o cases, and the Directivity, Gain, and Radiation Efficiency (er) at each 

frequency point. The directivity calculated in the table is the directivity in the direction of 

maximum power density radiated. In some cases, the maximum power density is not in 

the forward direction due to the antenna being ill-designed at a certain frequency. In this 

case, the directivity will be given as non-determinant (ND) and the direction of maximum 

radiation will be given in parenthesis. Additionally for this case, the gain will be given in 

the forward direction. The HPBW will be given if it can be determined from the data; 

otherwise, it will be listed at isotropic (ISO) in nature or non-determinant (ND). 
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Table 5. Performance data for the Ramsey COTS log-periodic antennas. 

Antenna Frequency 
(MHz) 

0o HPBW 
(degrees) 

90o HPBW 
(degrees) 

Directivity 
(dBi) 

Meas. 
Gain 
(dB) 

er 
(%) 

LPDA I 

600 ND 195.0 ND -12.3 ND 
900 91.0 ISO 2.8 1.1 67.7 % 
1500 64.4 101.5 8.0 5.1 51.0 % 
2000 56.7 100.4 8.5 4.8 42.4 % 
2400 63.5 105.8 7.9 4.4 44.8 % 
2600 63.0 100.3 8.1 3.3 32.8 % 
3000 ND (0o) ND (73o) ND -5.2 ND 

LPDA II 

600 84.8 166.3 4.6 -13.1 1.7 % 
900 62.8 220.8 4.8 0.6 37.6 % 
1500 69.1 121.7 6.9 5.2 68.0 % 
2000 54.9 101.5 8.7 4.8 41.0 % 
2400 65.9 110.7 7.6 4.9 53.9 % 
2600 67.5 103.9 7.7 4.0 42.3 % 
3000 ND (-35o) ND (73o) ND -4.2 ND 

LPDA III 

600 85.3 242.8 3.0 -14.7 1.7 % 
900 97.2 ISO 1.1 0.0 76.0 % 
1500 65.3 132.7 6.8 4.8 62.7 % 
2000 58.0 92.2 8.8 4.2 34.9 % 
2400 60.7 104.6 8.1 4.0 38.6 % 
2600 66.1 94.9 8.2 2.1 24.6 % 
3000 ND (0o) ND (75o) ND -5.3 ND 

LPDA 
Average 

600 85.0 201.4 3.1 -13.3 1.7 % 
900 83.7 ISO 3.2 0.6 55.3 % 
1500 74.8 118.6 7.3 5.0 59.8 % 
2000 56.5 98.0 8.7 4.6 39.3 % 
2400 63.4 103.8 7.9 4.5 45.5 % 
2600 65.5 99.7 8.0 3.2 33.1 % 
3000 ND ND ND -4.9 ND 

 

 

It can be observed in Table 5 that LPDA's exhibit their best average radiation 

efficiency and directive gain at 1.5 GHz (out of the frequencies that were measured). The 

directivity of each antenna pattern was determined using the methodical approximation 

described in Section 2.2.3. It can be observed that the gain of the antennas from 1.5 to 2.4 
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GHz is quite stable, being between 4.5 - 5.0 dB on average. It can also be seen that at 900 

MHz, the gain is still positive but is not effectively directive (about 0.6 dB on average 

between the three antennas), even though the bandwidth of the antenna claims to include 

900 MHz [16]. 
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2.3.2 Patch Antennas 

The patch (aka. the microstrip patch) antenna is named after its basic structure, which 

is simply a ‘patch’ of copper lain out in a plane, separated from a ground conductor plane 

by a substrate. Many patch antennas can be manufactured on common PCB materials, 

making them very popular. The patch antenna used in this work for evaluation is the 

HG2408P 2.4 GHz patch antenna from Hyperlink Technologies.  

 

Fig.  62. Images of the Hyperlink Technologies 2.4 GHz Patch Antenna with cover (left) and cover 
removed (right) 

 

The radiating conductive patch can be seen in Fig.  62 (right) with the cover removed 

from the casing. The patch antenna is a resonant structure, in which the length of one side 

of the antenna is usually designed to be near
rε

λ
2

, where εr is the dielectric constant of 

the separating substrate (air, in the case of the HG2408P) [26]. The length of the 

perpendicular side can be designed to adjust the radiation pattern shape or input 

impedance. Additionally, the input impedance is also strongly related to the location of 

the feed on the patch. In the case of the HG2408P, the feed is located on a tail which 
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projects perpendicularly from the back of the resonant patch down to near the ground 

conductor plane. 

The published characteristic of the HG2408P are available in the datasheet provided 

by L-com, the company which now owns Hyperlink Technologies, who designed the 

antenna [26]. The published bandwidth of the antenna is 2400-2500 MHz, which will be 

tested using the VSWR measurements and radiation pattern analysis in a similar fashion 

to the Ramsey LPDA antenna. The input impedance parameters are measured and shown 

in the following figures. 

dB

 

Fig.  63. Measured input return loss (S11) of the three patch antennas. 
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Fig.  64. Measured input impedance (S11) of the three patch antennas over their published bandwidth. 

 

The reflected power shown in Fig.  63 suggested that the bandwidth could range from 

2.2 GHz to 3.2 GHz, according to the -10 dB limit rule of thumb. However, the published 

bandwidth of them antenna is 2.4 GHz to 2.5 GHz. The directivity of this antenna is 

claimed to be 8 dBi within its published bandwidth, and this will also be measured to 

verify at each of the frequencies for which the pattern is measured [26]. The datasheet 

claims a vertical HPBW of 75 degrees and a horizontal HPBW of 65 degrees at 2.4 GHz, 

which will be measured and verified in the following pages.  
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Patch Antenna Radiation Patterns 

The hyperlink HG2408P patch antenna radiation patterns are measured with a 

horizontal and vertical polarization, similarly to what was done for the LPDA’s in the 

previous section. As an example, Fig.  65 shows the two antenna orientations and how 

they are related to the polar plot of the pattern. Additionally, a view of the front of the 

radiating patch element is diagramed to clarify, as the geometry of the antenna itself 

makes it difficult to distinguish the orientation. The radiation patterns are taken at 100 

MHz frequency intervals from 1900 MHz to 2800 MHz to examine the behavior of the 

pattern inside and outside of the antennas design frequency. 

 

Fig.  65. Diagram describing the antenna orientation and its relationship to the polar plot. 
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  66. Radiation pattern of the HG2408P patch antenna at 1800 MHz 

 

 

Fig.  67. Radiation pattern of the HG2408P patch antenna at 1900 MHz 
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  68. Radiation pattern of the HG2408P patch antenna at 2000 MHz 

 

 

Fig.  69. Radiation pattern of the HG2408P patch antenna at 2100 MHz   
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  70. Radiation pattern of the HG2408P patch antenna at 2200 MHz 

 

 

 

Fig.  71. Radiation pattern of the HG2408P patch antenna at 2300 MHz   
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  72. Radiation pattern of the HG2408P patch antenna at 2400 MHz 

 

 

 

Fig.  73. Radiation pattern of the HG2408P patch antenna at 2500 MHz   
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  74. Radiation pattern of the HG2408P patch antenna at 2600 MHz 

 

 

Fig.  75. Radiation pattern of the HG2408P patch antenna at 2700 MHz 
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  76. Radiation pattern of the HG2408P patch antenna at 2800 MHz 

 

Table 6. Performance data for the L-Com HG2408P COTS patch antenna. 

Frequency 
(MHz) 

Vert. 
HPBW 

(degrees) 

Horiz. 
HPBW 

(degrees) 
Directivity 

(dBi) 
Meas. Gain 

(dB) 
er 

(%) 
1800 92.0 69.3 8.1 0.7 18.3 % 
1900 83.9 74.3 8.2 3.2 31.3 % 
2000 83.5 74.9 8.2 4.0 37.8 % 
2100 81.4 72.0 8.5 5.0 45.0 % 
2200 84.8 58.1 9.2 4.6 34.6 % 
2300 74.2 56.2 9.9 6.3 43.5 % 
2400 69.8 58.1 10.1 5.4 34.0 % 
2500 62.5 56.0 10.7 5.3 28.8 % 
2600 63.7 53.6 10.8 4.6 24.1 % 
2700 55.8 60.3 10.9 4.2 21.3 % 
2800 60.1 60.8 10.5 2.1 14.4 % 

 

The table above suggests that the measured performance of the patch antenna may not 

be at the same level as what was published by the manufacturer. The actual measured 
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directivity of the antenna outperformed the published numbers, but the measured gain of 

the antenna was not on par with what the manufacturer claimed. The increased measured 

directivity and the reduced measured gain result in the calculated efficiency being 

lowered than was would be expected based on the published characteristics of the 

antenna. 

  



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
95 

 

2.3.3 Custom Designed Helical Antenna 

The helical antenna is a unique antenna design in which, depending on the ratio of the 

wavelength to the physical size of the antenna, can operate in different radiation modes 

that may be useful in different conditions. There are two modes of interest: the normal 

mode and the axial mode. In the normal mode, the antenna radiates very similarly to a 

single wire monopole antenna, but with significantly higher radiation resistance than a 

monopole, which leads to higher radiation efficiency [23]. Normal mode helical antennas 

are also sometimes referred to as resonant stub helix antennas. However, the bulk of the 

antenna efforts in this thesis concentrate on the axial mode helical antenna. When a 

helical antenna is operating in the axial mode, its radiation is concentrated along the helix 

axis. In order for this to happen, the wavelength of the signal being transmitted needs to 

be roughly equal to the circumference of the helix windings. This creates a condition in 

which the waves traveling along the antenna synchronize with a 360o
 phase shift from 

one loop to the next. In this case, the radiated energy is positively reinforced along the 

axis of the helix and ends up creating a Hansen-Woodyard end-fire condition in the 

radiation pattern [8, 23]. The directivity of the antenna can be controlled by the number 

of turns in the helix and the spacing between subsequent coils.  

Another potential benefit of operating the antenna in the axial mode is that the 

transmitted radiation is circularly polarized, which can be beneficial if the application 

allows. In the case of the Non-contact vital signs (NCVS) biosensor, the circularly 

polarized radiation can benefit the system because of the fact that the antennas can more 

easily pick up both the E and H field components of the incident wave as the direction of 

the fields rotate.  This is in contrast to a linearly polarized antenna, which is capable of 

strong transmission and reception only when the E-field orientation agrees with that of 

the incident wave. With circularly polarized radiation, the field directions appear to rotate 

as the wave progresses from a fixed observation point. The strength of the field is not a 
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function of the direction of the field at any point in time; thus, the field traces out a 

circular pattern is it travels [23]. Another benefit is that the majority of man-made 

background radiation is linearly polarized, as well as the fact that much of the clutter 

present in a testing environment will reflect as linearly polarized radiation when exited by 

the NCVS source radiation, even the incident wave is circular. This means in most cases, 

the only circularly polarized radiation present in the NCVS testing environment will be 

the wave created by the NCVS system itself, and that much of the clutter reflections 

would present as linear to the receiving antenna, where the reception of this unwanted 

radiation will be diminished. 

The helical antennas presented in this thesis were designed specifically for research 

purposes on the NCVS system presented in Chapter 1. After a series of designs were 

constructed and tested, a final design was reached in which the impedance matching 

element is integrated into the reflector of the antenna, saving space and easing the 

construction of the antenna. The stages of development from the initial concept to the 

final antenna design will be presented in this section along with simulations, construction 

methodology, and measurement data. The antennas will be presented with their measured 

performance and compared to the off-the-shelf antennas described previously in this 

chapter. 

The antenna geometry used in this work is an 8-turn (N=8) helical antenna designed 

using the guidelines outlined in [23]. In order for the helical antenna to operate optimally 

in the axial mode, the helix circumference (C) needs to be equal to the wavelength (λ) of 

the signal, and the pitch angle (αp) of the helix should be between 12o and 14o (see Fig.  

77). A helical antenna is typically constructed by winding a conductive wire into a helix 

shape that is either right or left-hand polarized. The direction of the winding determines 

the direction of the circularly polarized radiation. The loop displacement (S) is the length 

along the helical axis that is covered by each turn of the helix. The directivity of a helical 
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antenna is highly dependent on the number of turns (N) which defines the length of the 

antenna (L). The effect of the number of turns on the matched antenna will be the 

determining factor in achieving desired gain and directivity. The geometry parameters αp, 

S, D, C, L and N are visually outlined in Fig.  77. The electrical characteristics of the 

antenna are highly sensitive to the geometry of the first turn of the helix after the feed 

point as shown in Fig.  77. The strong effect on the input impedance makes this section of 

the antenna an excellent location for minor impedance tuning by adjusting the distance of 

the first loop to the ground plane. 

 

 

Fig.  77. Illustration of my helical antenna design with microstrip waveguide matching element (described 
later in this section). This diagram displays the typical geometry of a helical antenna and specified areas 
where special considerations should be taken into during construction, such as the ‘high sensitivity’ area 
near the reflective ground plane. 
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The initial design concepts were not as elegant as the final design outlined by Fig.  

77, but were instrumental in the learning process to develop that product. The 

construction method of the helix coil element has remained consistent throughout the 

development process as it proved to be simple and reliable. First, a long length of 12-14 

american-wire-gauge (AWG) bare copper wire is wrapped tightly around a 1” PVC pipe 

which produces a helix with an axial mode center frequency of about 2.8 GHz. However, 

the axial mode of operation tends to have a fairly large bandwidth around the center 

frequency before transitioning into the normal mode. The wire wrapping stage of 

construction can be viewed in Fig.  78(b). Once the wire is wrapped properly, it is 

extended along the tube until the spacing becomes the right length to provide a pitch 

angle of 12o which is the ideal pitch angle for an axial mode helical antenna [8]. The 

results of this part of the process can be seen in Fig.  78(c). This procedure generates very 

consistent helical coils which can be made quickly from inexpensive materials. The next 

step was to create a reflector for the antenna that is inexpensive and simple to construct. 

This was achieved by using a 4”x4” square of copperclad FR4 prototyping board. A 

small hole is drilled in the material to accommodate the SMA connector to transfer 

signals to and from the completed antenna. The copperclad board with the SMA 

connector can be viewed in Fig.  78(d). The next step in the antenna construction process 

is to support the helix perpendicularly to the reflector. In the original designs, this was 

accomplished by using a small 1” section of PVC pipe with a groove cut along the length 

of one side to insert a wooden dowel into. This assembly was then attached to the center 

of the reflector plate with epoxy. The resulting structure can be seen in Fig.  78. At this 

point, the helix coil is attached to the support structure using epoxy, and then the feed 

point is soldered to the SMA connector conductor.  
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 (a) (b) 

  

 (c)  (d) 

Fig.  78. (a) Construction materials necessary to build the 2.4 GHz axial mode helical antenna: 1” PVC 
pipe, bare copper wire, .062” double-sided FR4 PCB prototyping board, binary epoxy, a wooden dowel, 
and measurement calipers. (b) Copper wire tightly wound around the 1” PVC pipe in preparation to be 
expanded to the correct pitch. (c) Repeatability of the process demonstrated by many identical coils. (d) 
Main antenna structure ready to accept a helix coil. 
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Fig.  79. Image showing the progression of the AMHA from the initial design (close-left) to the current 
design (distant-right), which integrates the matching element into the reflector plane. 

 

The final design of the AMHA used in this work is represented by Fig.  77 and 

consists of the helix coil and a specialized reflector plane which houses the mechanically 

etched microstrip matching element, which is described later in this section. The reflector 

plane of this AMHA design consists of a flat ground plane affixed to one end of the helix. 

It is composed of a copper-clad and circularly shaped FR4 sheet which has a diameter of 

1λ or greater. The reflector (ground) plane is pointed out in Fig.  77. The microstrip 

matching elements are directly etched onto the PCB substrate, which is also used as the 

reflector plane (see. Fig.  78) and will be described in detail later in this section. 

One of the primary issues with the AMHA that is addressed in this thesis is the fact 

that the helical antenna does not exhibit natural input impedance that is useful in a 

standard 50Ω communication system. The natural impedance of the helix coil when 

operated in the axial mode is typically between 120Ω and 150Ω. In order to match the 
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impedance to the nominal 50Ω, two distinct on-substrate microstrip matching techniques 

were designed, implemented, and analyzed. 

The first matching technique was to use a simple microstrip quarter-wave 

transformer. The quarter-wave transformer was designed by carefully selecting the 

characteristic impedance of a transmission line with a phase delay of 90o at the desired 

frequency. The needed characteristic impedance can be simply calculated by [27]: 

 
L

C
in Z

ZZ
2

=  (2.15) 

In Eq. 2.7, Zin is the desired matched input impedance of the antenna (or output 

impedance of the system) and ZC is the characteristic impedance of the transmission line.  

ZL is the impedance of the load (helix coil), which is typically 120Ω to 150Ω when 

unmatched. The output impedance of the system and the impedance of the coil were 

measured with an Agilent E8363B network analyzer allowing for (2.7) to be solved for 

ZC: 

 LinC ZZZ =  (2.16) 

Using the electrical properties of the FR4 PCB substrate (i.e. εr, σ) and the previously 

calculated characteristic impedance, a substrate model was created in ADS. With the 

network analyzer, the unmatched AMHA’s reflection coefficient (S11) was measured and 

imported into ADS. The quarter wavelength microstrip matching element was designed 

in ADS using the imported data and the resulting dimensions were used to create the 

matching elements on the PCB substrate. 

In addition to the quarter-wave impedance match designed above, an L-section 

matching network was also designed and constructed. The L-section match consists of a 

series microstrip element with a microstrip open circuit stub.  The dimensions of the 
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series and stub microstrip elements were designed using the same method of importing 

the scattering parameter data file and creating a substrate model in ADS as described for 

the quarter-wave transformer matching element. The measured results are shown in Fig.  

81 and Fig.  82. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig.  80. (a) Drawing of the quarter-wave transformer; (b) photo of a quarter-wave transformer on the PCB 
substrate of a 2.4 GHz helical antenna; (c) drawing of the L-section impedance matching network; (d) 
photo of the L-section network on the PCB substrate of a 2.4 GHz helical antenna. The reflector ground 
plane is on the back side of the PCB in both (b) and (d). 

The method of matching the impedance by using microstrip elements etched onto the 

PCB substrate is novel in that it allows for easy construction and repeatability of the 

design. By designing the reflector planes using CAD software such as Cadence OrCAD 

Layout or Agilent ADS, creating consistent helical antennas becomes as easy as 

designing and manufacturing a simple PCB, which is usually a well known skill among 
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electrical engineers. Table 7 shows the measured input impedance for the unmatched 

helical antennas as well as both types of matched antennas. It can be seen that both 

matching techniques achieve very good results at 2.4 GHz. 

Table 7. Input impedances of the AMHA measured at 2.4 GHz (ZIN) 

Matching Method Unmatched Quarter Wave 
Transformer L-Section 

Impedance 143.7 + j2.9 52.8 + j2.9 49.9 + j0.6 

 

 

Fig.  81. Return loss of the axial mode helical antenna for each matching network. 
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Fig.  82. VSWR Measurement for the AMHA with the unmatched condition as well as the two matching 
techniques. 

 

Radiation Performance of the custom 2.4 GHz AMHA 

The radiation pattern measurements for the AMHA do not require the antenna to be 

measured in the vertical and horizontal co-polarized principal planes in order to calculate 

directivity and HPBW. This is because of the fact that the antennas are circularly 

polarized and thus, the axial ratio of the antenna is 1:1 (i.e., the vertical and horizontal 

patterns are the same in the main lobe). This does not imply that the locations of the 

minor side lobes are identical, but the power distribution between the main lobe and the 

side lobes are the same, as well as the HPBW in the two principal planes. These facts 

allow the HPBW and directivity to be calculated by taking only one principal plane 

measurement. 
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As with the previously measured antennas, the AMHA radiation pattern is measured 

with the 3rd generation pattern capture system (Section 2.2.3), using the configuration 

seen in Fig.  28. The frequency range measured for the AMHA’s will be from 1.8 GHz to 

3 GHz, in 100 MHz increments. The starting point of 1.8 GHz was selected because of 

the sharp cutoff in the VSWR performance seen in Fig.  82 for the quarter-wave matched 

AMHA. Three types of AMHA are measured using this frequency plan: the quarter-wave 

match AMHA, the L-section matched AMHA, and the unmatched AMHA. The design 

frequency for the helical coils in these antennas is 2.4 GHz. The performance parameters 

which are measureable from the pattern and chamber testing data will be tabulated at the 

end of the pattern plot presentations. 

 

Fig.  83. Diagram showing the orientation of the AMHA with respect to the radiation pattern plots 
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Quarter-Wave Transformer Matched 2.4 GHz AMHA Radiation Patterns 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  84. Quarter-wave matched AMHA pattern at 1.8 GHz (a) and 1.9 GHz (b) 

 

Fig.  85. Quarter-wave matched AMHA pattern at 2.0 GHz (a) and 2.1 GHz (b)   

 

(b) 

 

(a) 

 

 

(b) 

 

(a) 
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  86. Quarter-wave matched AMHA pattern at 2.2 GHz (a) and 2.3 GHz (b) 

 

 

 

Fig.  87. Quarter-wave matched AMHA pattern at 2.4 GHz (a) and 2.5 GHz (b)   

 

(b) 

 

(a) 

 

(b) 

 

(a) 



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
108 

 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  88. Quarter-wave matched AMHA pattern at 2.6 GHz (a) and 2.7 GHz (b) 

 

 

Fig.  89. Quarter-wave matched AMHA pattern at 2.8 GHz (a) and 2.9 GHz (b)   

 

(b) 
 

(a) 

 

(b) 

 

(a) 



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
109 

 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 
Fig.  90. Quarter-wave matched AMHA pattern at 3.0 GHz 

 

It is clear from the patterns presented for the quarter-wave matched AHMA, that the 

pattern behavior is very directive and stable from 1.9 GHz to 3.0 GHz. However, at 1.8 

GHz the antenna begins to direct more radiation rearward and has much larger minor side 

lobes projecting from the sides. This indicates that the antenna not only begins to perform 

poorly at 1.8 GHz in the VSWR, but also within the radiation pattern. 

The next set of patterns involves the L-Section matched AMHA, which has a slightly 

better 50Ω match at the specific frequency of 2.4 GHz, but has a narrower VSWR 

performance band (2.2 – 2.7 GHz) than the quarter-wave matched AMHA (1.9 – 3.0 

GHz). 
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L-Section Matched 2.4 GHz AMHA Radiation Patterns 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  91. L-Section matched AMHA pattern at 1.8 GHz (a) and 1.9 GHz (b) 

 

Fig.  92. L-Section matched AMHA pattern at 2.0 GHz (a) and 2.1 GHz (b)  

 

(b) 

 

(a) 

 

(b) 

 

(a) 
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  93. L-Section matched AMHA pattern at 2.2 GHz (a) and 2.3 GHz (b) 

 

 

Fig.  94. L-Section matched AMHA pattern at 2.4 GHz (a) and 2.5 GHz (b) 

 

(b) 

 

(a) 

 

 

(b) 

 

(a) 
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  95. L-Section matched AMHA pattern at 2.6 GHz (a) and 2.7 GHz (b) 

 

 

Fig.  96. L-Section matched AMHA pattern at 2.8 GHz (a) and 2.9 GHz (b) 

 

(b) 

 

(a) 

 

 

(b) 

 

(a) 
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  97. L-Section matched AMHA pattern at 1.8 GHz 

 

  

 



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
114 

 

Un-Matched 2.4 GHz AMHA Radiation Patterns 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  98. Unmatched AMHA at 1.8 GHz (a) and 1.9 GHz (b). 

 

Fig.  99. Unmatched AMHA at 2.0 GHz (a) and 2.1 GHz (b).  

 

(b) 

 

(a) 

 

 

(b) 

 

(a) 
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  100. Unmatched AMHA at 2.2 GHz (a) and 2.3 GHz (b). 

 

 

 

(b) 

 

(a) 

 

 

(b) 

 

(a) 
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Fig.  101. Unmatched AMHA at 2.4 GHz (a) and 2.5 GHz (b). 

Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  102. Unmatched AMHA at 2.6 GHz (a) and 2.7 GHz (b). 

 

Fig.  103. Unmatched AMHA at 2.8 GHz (a) and 2.9 GHz (b). 

 

(b) 

 

(a) 

 

 

(b) 

 

(a) 
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Note: Angular Scale is in Degrees; Radial Scale is in dB relative to maximum 

 

Fig.  104. Unmatched AMHA at 3.0 GHz.  
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Table 8. Measured performance data for the 2.4 GHz AMHA's 

Antenna Frequency 
(Mhz) 

HPBW 
(degrees) 

Directivity 
(dBi) 

Meas. Gain 
(dB) 

er 
(%) 

Quarter-
Wave 

Transformer 
matched 
AMHA 

1800 ND ND 2.7 ND 
1900 61.6 10.4 9.0 72.5 
2000 58.1 10.9 9.7 76.3 
2100 51.0 12.0 9.1 51.1 
2200 49.1 12.3 9.4 51.7 
2300 47.7 12.6 10.0 55.3 
2400 45.0 13.1 10.4 53.9 
2500 42.5 13.6 10.3 46.7 
2600 40.5 14.0 10.8 47.5 
2700 39.8 14.2 11.0 48.2 
2800 37.1 14.8 10.8 39.7 
2900 34.4 15.4 10.7 33.8 
3000 33.7 15.6 10.8 33.4 

L-Section 
matched 
AMHA 

1800 143.0 6.7 -2.4 12.2 
1900 58.0 10.9 2.5 14.5 
2000 57.0 11.0 5.8 30.4 
2100 54.5 11.4 7.7 43.0 
2200 51.8 11.8 9.4 57.4 
2300 49.9 12.2 10.3 65.0 
2400 47.0 12.7 11.2 70.2 
2500 44.6 13.2 11.5 68.3 
2600 41.9 13.7 11.9 65.5 
2700 39.2 14.3 11.8 56.6 
2800 37.4 14.6 12.0 54.8 
2900 33.5 15.7 11.8 40.6 
3000 32.6 15.9 11.6 37.0 

Unmatched 
AMHA 

1800 60.1 10.6 6.0 34.4 
1900 61.6 10.3 7.5 51.9 
2000 58.7 10.8 8.1 54.0 
2100 53.1 11.7 8.0 43.0 
2200 51.7 11.9 8.8 49.4 
2300 49.9 12.2 9.6 54.7 
2400 47.9 12.6 9.9 53.3 
2500 43.9 13.3 10.3 50.0 
2600 41.6 13.8 10.6 47.5 
2700 38.5 14.4 10.8 43.6 
2800 36.5 14.9 11.6 46.6 
2900 32.0 16.0 11.0 31.9 
3000 31.9 16.1 11.1 31.9 
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2.3.4 Comparison of Aforementioned Antennas Types 

This section contains a comparison of the 5 measured antenna types characterized in 

Section 2.3. To recap, the five antenna types are the Log Periodic Dipole Antenna 

(LPDA), the Patch antenna, and three versions of the 8-turn Axial Mode Helical Antenna 

(AMHA). The three AMHA versions include the unmatched AMHA, and the AMHA 

impedance matched with a quarter-wave transformer and also an L-Section resonant stub. 

This section serves to tabulate the performance data from the antennas at a frequency 

of 2.4 GHz, which is the primary frequency of interest in this thesis determined by the 

operational frequency of the NCVS biosensor RF front end. 

 

Table 9. Comparison of the five antenna types (incl. the three AMHA matching methods) 

 
HPBW 

Horizontal 
(degrees) 

HPBW 
Vertical 

(degrees) 

Directivity 
(dBi) 

Meas. Gain 
(dB) 

er 
(%) 

LPDA 63.4 103.8 7.9 4.5 45.5 

Patch 69.8 58.1 10.1 5.4 34.0 

AMHA 
Quarter-

Wave 
Matched 

45.0 45.0 13.1 10.4 53.9 

AMHA L-
Section 
Matched 

47.0 47.0 12.7 11.2 70.2 

AMHA 
Unmatched 47.9 47.9 12.6 9.9 53.3 

 

In the table above, it can be seen that the quarter-wave matched AMHA's achieve the 

best HPBW angles and the best directivities. However, as expected, the L-Section 
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matched AMHA's deliver the best gain and efficiency at 2.4 GHz because of the superior 

impedance match. As will be discussed in Chapter 3, the unmatched helical antennas are 

the best set of antennas to be used for constructing a working array of AMHA's. This is 

because physical construction of the unmatched antennas is much more consistent 

between the units, allowing for better control of the phase of the radiating element. In any 

case, the measured gain of the unmatched AMHA is still far superior to the LPDA or the 

patch antennas which were previously used with the NCVS biosensor.  
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2.4 Phased Arrays and Beam Steering 

The phased arrays can not only provide increased directivity, as shown in section 2.4, 

but can also employ the use of phase offsets to control the direction of the main radiation 

lobe within certain limits, which are usually determined by the radiation performance 

(directivity and HPBW) of the individual antennas making up the array. 

There are multiple ways of achieving phase control over the array, including active 

and passive phase shifters. Many modern military applications use highly advanced 

active phased array systems known as Active Electronic Scanning Array (AESA) 

technology. These are very common on modern naval ships and military aircraft. The 

drawback of such a system is that the calibration is difficult, time consuming and 

involved, and the cost of the system is enormous [23]. In the case of this thesis, basic 

passive phase control is developed from the employment of simple 50Ω delay lines with 

carefully designed lengths. 

The phase inputs to the antenna elements in the array are controlled by tuned phase 

delay modules (PDM's), which are connected to the outputs of a phase-balanced power 

splitter. The outputs of the PDM's are connected to the antennas with equal length SMA 

cables. This ensures that the only phase offset between the channels is introduced by the 

carefully designed PDM's. 
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Fig.  105. Functional diagram of how the Phase Delay Modules (PDM) are used to control the 
phase input to the individual antenna elements in the array. 

 

 
 

Table 10.  Array conditions and PDM modules with expected beam effects. 

Array Condition PDM 1 PDM 2 PDM 3 Beam Expectations 
1 0o 0o 0o Straight Forward 
2 0o 20o 40o Steered Slightly Right 
3 0o 60o 120o Steered Moderately Right 
4 0o 90o 180o Steered Significantly to the Right 
5 40o 20o 0o Steered Slightly Left 
6 120o 60o 0o Steered Moderately Left 
7 180o 90o 0o Steered Significantly to the Left 

 

Table 10 describes the 7 conditions for the array phases along with the PDM delays 

used for those conditions. The expected effects on the main lobe of the radiation pattern 

are also shown in the 'Beam Expectations' column, and the actual results of 

experimentation will be shown in Section 2.5.4. 

 

1λ Spacing
(12.5 cm @ 2.4 GHz)
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1 – 3 
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2.4.1 Concept, Simulation, and Design of the Phase Delay Modules 

The basic concept behind the function of the phase delay modules (PDM's) is that an 

electrical waveform travelling along a waveguide takes a certain amount of time to 

traverse the length of the waveguide. This time is determined by the physical length of 

the waveguide, and also the speed of the wave in the waveguide. The wave speed is 

dependent on the electrical characteristics of the waveguide. The basic formula for the 

characteristics of a wave travelling in a medium is: 

 λfv =  (2.17) 

This is a very basic formula where 'v' is the speed of the wave in the medium, 'f' is the 

frequency of the wave, and 'λ' is the wavelength of the wave in the medium. Out of the 

three variables described, the frequency is the only one which is not physically affected 

by the electrical properties of the medium. However, the electrical response of the 

medium can be highly dependent on the frequency of the wave. The angular delay 

presented by the PDM is a relationship between the wavelength of the traversing wave 

and the length of the transmission line. The formula for this relationship is: 

 





=
λ

πθ L
rad 2  (2.18) 

, where 'L' is the length of the transmission line. To convert to degrees: 

 





=
π

θθ 180
deg radrees  (2.19) 

The PDM's in this thesis are a type of waveguide known as dielectric waveguides. 

Dielectric waveguides employ solid dielectric materials to separate the conductive 

elements of the waveguide; in this case, FR-4 fiberglass substrate for printed circuit 
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boards. The specific dielectric waveguide used in this work to create the PDM's is the co-

planar waveguide with a ground structure. This can be abbreviated as a CPWG 

transmission line. The structure of a CPWG transmission line consists of 2 layers of 

conductive material separated from each other by a constant thickness layer of dielectric 

material. The top layer houses the transmission line strip and the ground planes which are 

separated from the main transmission line on either side. The bottom layer consists of a 

solid ground plane which spans over the entire area covered by the transmission line and 

its co-planar grounds.  

The electrical response of the CPWG (Impedance, insertion loss, etc...) is determined 

by the dimensions of the structure cross section. In Fig.  106, the structure of a typical 

CPWG transmission line is visualized. In this thesis work, the height 'H' is constant at 

0.062" (62 mil) since that is the commonly available thickness of the copper-clad 

substrate used to construct the PDM's. The width between the sides of the transmission 

line strip and the adjacent ground planes is represented by 'G', which is set at 0.125" (125 

mil) in this work. This size was picked because it was the largest routing bit available for 

the milling machine in the TTU labs. Using a wider gap between the transmission line 

and the coplanar ground planes equates to a wider transmission line width being required 

to maintain a specific impedance (assuming the dielectric parameters are also constant, as 

they are in this case). With a wider transmission line strip, the imperfections along the 

sides of the strip (caused by the machining of the PCB substrate) contribute less (i.e., the 

ratio of the size of the imperfections to the width of the trace) to the overall error between 

the design and the constructed PDM. The width of the transmission line is represented by 

'W' in this design, and it is the controlled variable that is used to set the impedance of the 

transmission lines in this work. 
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Fig.  106. Basic representation of the structure of a CPWG transmission line. 

 

In Professor Donald Lie's RF/Analog SoC labs, students have access to Agilent's' 

Advanced Design System (ADS), which is a very useful tool for microwave systems as 

well as large scale communication circuits and system simulations. Since I had access to 

this great tool, I used its transmission line calculation tool (linecalc) and its schematic-

level S-Parameter parametric simulation tool to estimate the dimensions which would be 

needed to create the PDM modules at the correct dimensions. 

 

Fig.  107. Screenshot of the LineCalc simulator included as part of the ADS software package. 

FR-4 Copper-Clad Subtrate
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In Fig.  107 shown above, the LineCalc simulator is set up with the co-planar wave-

guide simulation profile (CPWG). The dielectric properties of the FR-4 fiberglass 

substrate, along with the electrical properties of the copper plating, are inserted into the 

correct spaces in the program. At this point, it can be seen in the 'Electrical' section in the 

bottom-center of the image, that the Z0 (characteristic impedance) is set to 50Ω and the 

phase delay (E_Eff) is set to 5o. The parameter 'G' is fixed at 125 mils, as this is the width 

of the ground separation that will be carved out by the 0.125" milling bit that will be 

cutting the parts out. When the 'Synthesize' button is pressed, the simulator calculates the 

physical width 'W' and the physical length 'L' required to achieve the desired electrical 

results which were entered by the user. The example in Fig.  107 shows the actual data 

used to calculate the size of the PDM's in this study. 

For a phase delay of 5o and a characteristic impedance of 50Ω, the transmission line 

width must be 123.26 mil, and the length 37.89 mils. Since I planned the PDM's to have 

phase delay increments of 10o between modules, rather than just 5o, a length of 75.78 mil 

was taken as the exact simulated value for a 10o delay at 2.4 GHz. 
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Fig.  108. Screenshot of the ADS schematic for a  parametric sweep to verify the PDM lengths 
calculated from LineCalc. 

 

The highlighted numbers in Fig.  108 represent the parameters for the parametric 

sweep of the length of the PDM modules being simulated. It can be seen that the 

substrate model (CPWSub) is using the same characteristics as were used in the CPWG 

simulation in LineCalc. For these verification simulations in ADS, the length step size (to 

correspond to a 10o phase shift) is rounded to 76 mils. This is done because it is much 

simpler to do the final layout design in Cadence OrCAD Layout with grid increments of 

1 mil, which is about as small as is reasonable for the grid resolution in a PCB layout. 

Similarly, the width of the CPWG model is also rounded to 123 mil from 123.26 mil, as 

can be seen in the figure. In fact, the milling machine which is being used to manufacture 

the PDM's has a positioning precision of only 4 mils. This means that using a grid 

resolution of 1 mil in the layout software is more than adequate to achieve the maximum 

precision available from our tools. 
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The software is set to run an S-Parameter simulation from 500 MHz to 4 GHz on each 

length of the PDM model from 835 mil (a reasonable size for the reference module to 

allow for SMA connectors to be soldered in place) to 2203 mil, giving 19 distinct lengths 

in 76 mil increments. This means that from the reference PDM at a length of 835 mil, 

each subsequent module will be 76 mil longer than the last, and ideally provide 10o more 

phase delay from the previous length as well. 

 

Fig.  109. ADS simulation results of the PDM length parametric sweep. 

 

Fig.  109 shows the results of the simulation of the CPWG model, representing the 

PDM with varying length. The output of the marker 'm1' displays the physical phase 

delay developed by the ideal transmission lines. The zero-reference PDM presents the 

shorted delay angle of -110.2o. Each subsequent delay modules is 10o longer than the 

previous module, with an angular error of roughly 0.03o, which is most likely due to the 

previously described rounding.  
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The simulation shows excellent and expected results, so these dimensions are the 

ones used to design the actual physical PDMs in Cadence OrCAD Layout, such that they 

can be manufactured by the automated PCB milling machine in the ECE department at 

TTU. These construction steps are described next in Section 2.4.2. 
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2.4.2 Phase Delay Module Construction 

The delay line modules are constructed on 2-layer copper-clad FR-4 prototyping 

board. This board is 62 mils thick including a copper weight thickness of 1 oz./ft2 (about 

1.4 mils thick per layer). By using prototyping board, it is easier to control the thickness 

dimensions, which are important for controlled impedance transmission lines. The width 

dimensions (ground plane spacing, trace width, etc…) can be designed around the 

thickness of the PCB substrate, which is fixed, to create a transmission line with the 

desired impedance (50Ω in this case). 

Using Cadence OrCAD Layout software, the delay line modules were physically 

designed according to the dimensions calculated through the ADS simulations in the 

previous section. It can be seen in Fig.  110 that the PDM's get progressively larger by an 

amount that is intended to be associated with about 10o phase shift at a frequency of 2.4 

GHz. In this case, that length is 0.076" or 76 mils, which is the progressive length 

calculated from ADS in the previous section. The turquoise colored area represents the 

area where copper will be left on the top layer when the PCB substrate is machined. The 

neon-green colored lines within the copper area represent the cut-out lines, which is 

where the milling machine will cut the individual PDM's from the blank substrate so that 

they can be used individually. 
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Fig.  110. Image of the Cadence OrCAD design file used to run the CNC milling machine. 

 

The design layout shown above is converted to an extended Gerber format for use 

with CNC milling machines. It is then imported into is ISO Pro software from T-Tech, 

which is used to run the Electrical Engineering department's T-Tech Quick Circuit 

prototyping milling machine. A 0.125" endmill routing bit is placed into the machine's 

spindle so that it can carve out the 0.125" spacing around the transmission lines. The ISO 

Pro software is then used to isolate the copper area from the area to be carved. Since the 

0.125" bit and the desired ground plane spacing are the same size, a simple trick is used 

in the software to isolate only around the transmission line areas and not the ground plane 

areas. This prevents the bit from traversing the PCB more than once. The isolation routes 

formed from this procedure contain the guidance information used by the milling 

machine to position the bit in the right places on the substrate to carve out the shape 
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dictated by the original Gerber design files. Before the isolation routes are run 

automatically, the height of the carving bit is set so that it carves just the copper and not 

the actual dielectric material. In reality, this is very difficult to achieve without also 

sacrificing the quality of the cut along the copper surface. A small amount of the 

dielectric material must always be sacrificed in order to get a quality cut without using 

chemical etching. The implications of this cut depth are discovered and remedied later in 

this section. 

As soon as the milling machine has completed running the isolation routes, the 0.125" 

bit is removed and it is replaced by a 0.031" (31 mil) chip breaker bit. This is a special bit 

which can penetrate through the whole substrate and move laterally to cut shaped pieces 

out of the overall substrate. The ISO Pro software is set to direct the milling machine 

spindle along the paths dictated by the neon-green lines seen in Fig.  110. 

 

Fig.  111. Image of a few select lengths of the phase delay modules after milling and assembly. 
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2.4.3 Delay Line Characterization 

The delay lines characteristics are measured using the Agilent E8363B Network 

Analyzer with 2 ports. The 2-port S-parameters are recorded for each individual delay 

line and the results are tabulated in Excel spreadsheets so that the performance can be 

analyzed as a set. In order to capture the important characteristics of the delay lines 

(Impedance, Insertion Loss, Phase Delay, etc…), all the full 2x2 scattering matrix must 

be measured, which includes S11, S22, S21, and S12. S11 and S22 provide information about 

the impedance match and return losses, and the S21/12 provides information about the 

phase and insertion loss of each delay line. The Agilent E8363B network analyzer is 

capable of saving the full 2x2 scattering matrix across a range of frequencies in the form 

of a ‘.S2P’ touchstone file. This file is then loaded into a data item in Agilent’s Advanced 

Design System (ADS) where extensive analysis can be performed. 

 

Fig.  112. Drawing of the measurement configuration for characterizing the phase delay modules 
(PDM’s). 

 

The delay line units presented here are designed to have three units with Zero phase 

progression (0o between units) to be used as a phase reference along with the rest of the 
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set. Additionally each individual unit in the set is designed to have a physical phase delay 

which is an integer multiple of 10o when compared to the Zero-reference phase units. 

Each unit is labeled with a number ‘N’ from 1 to 18 corresponding to a physical phase of 

10o to 180o of designed phase shift (relative to the Zero-phase references). The 

documentation shown hereafter will provide a guide to any users of the phase delay units 

so that their actual phase can be compared to their designed phase, and a determination 

can be made as to how to use them appropriately to configure a phased array antenna 

system.  
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Table 11. 2.4 GHz performance of original milled delay lines without enhanced ground planes. 

 
Scattering Parameters (dB) 

  Line Ident. (N) S11 S22 S21 S12 Physical Phase (ΦN) Progressive Phase (ΦN-ΦN-1) 
0 Reference 1 -28.50 -26.80 -0.20 -0.20 -133.50 N/A 
0 Reference 2 -30.50 -32.90 -0.20 -0.20 -137.90 N/A 
0 Reference 3 -28.90 -24.00 -0.19 -0.21 -133.20 N/A 

1 -21.10 -22.10 -0.35 -0.31 -147.70 -14.50 
2 -20.10 -19.70 -0.60 -0.55 -134.90 12.80 
3 -14.60 -14.30 -0.60 -0.46 -167.30 -32.40 
4 -12.70 -12.60 -0.60 -0.50 -176.30 -9.00 
5 -9.10 -9.00 -1.00 -0.88 -190.30 -14.00 
6 -8.50 -8.30 -1.10 -1.00 -197.40 -7.10 
7 -6.60 -6.40 -1.90 -1.70 -207.40 -10.00 
8 -6.30 -6.10 -5.60 -5.80 -182.10 25.30 
9 -16.50 -16.70 -0.80 -0.80 -205.60 -23.50 

10 -11.60 -11.40 -0.60 -0.60 -222.30 -16.70 
11 -9.80 -9.50 -0.70 -0.70 -233.80 -11.50 
12 -9.60 -9.40 -0.70 -0.70 -243.40 -9.60 
13 -8.90 -8.70 -0.76 -0.78 -244.80 -1.40 
14 -9.60 -9.40 -0.73 -0.76 -253.40 -8.60 
15 -10.20 -10.10 -0.60 -0.66 -263.80 -10.40 
16 -11.10 -10.50 -0.60 -0.68 -273.30 -9.50 
17 -13.10 -12.30 -0.50 -0.59 -281.90 -8.60 

18 -15.10 -15.40 -0.43 -0.50 -293.90 -12.00 
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Fig.  113. Graph of the Physical and Progressive phase between units (NOT linear, poor 
performance) for the original delay line set. Ideally, the physical and progressive phase delays should 
appear to be linear in graphical form. 

 

The data shown in Fig.  113 represents the physical phase of each unit and the 

progressive phase between units of the delay line set. The physical phase is defined 

herein as the actual electrical phase delay introduced by the unit as measured on the 

calibrated Agilent E8363B Network Analyzer from port 1 to 2. This would correspond to 

the phase angle presented by the data contained in the S21 measurement of unit ‘N’ and 

represented from here on as ‘ΦN’. The progressive phase is defined herein as the physical 

phase of one unit subtracted by the physical phase of the next smallest unit. For example, 

the progressive phase of unit ‘N’ would be represented as ‘ΦN-ΦN-1’. 

For the delay lines to be useful in a phased array system, they would ideally show a 

linear physical phase and phase progression when those two values are graphed in order. 

A linear progression between delay lines means that the lines can be configured to 

produce any combination of phase delays between the individual antennas in the array 

within integer multiples of 10o. Since these delay lines shown in Fig.  113 do not exhibit 

a very linear phase progression, they are not suitable for use with phased array 
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configurations yet. There are a few possibilities of why these simple delay line designs do 

not perform as expected when compared to the ADS simulations; one of which is an 

inherent issue related to the milling of the traces, and the other is an easily fixed issue 

with the ground planes. Both of these issues are discussed in the following paragraphs. 

 

(a) 

 

(b) 

Fig.  114. Diagram of the (a) ideal, and (b) actual structure of the milled delay lines as seen from 
the end of a unit. ADS simulations assumed the ideal case. However, in the actual delay lines the milling 
process creates a fairly deep trench on either side of the delay line microstrip. 

 

A possible cause of the poor performance of the milled delay lines is likely that the 

structure of the microstrip is not consistent with the simulated conditions. It can be seen 

in Fig.  114 that the ideal structure has the FR-4 dielectric that is flush with the bottom of 

the copper microstrip layer. However, in the actual structure, there is a fairly deep air gap 

caused by the milling bit. This causes a discrepancy between the ADS simulations (which 

assume the ideal case shown in Fig. 90(a)) vs.  the actually performance of the parts (as 

shown in Fig. 90(b)). The air gap can cause a significant effect on the way the 
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electromagnetic fields behave when coupling to the coplanar ground and the bottom 

ground plane compared to the ideal structure. This possible cause of the reduced 

performance as observed in Fig. 89 is rather difficult to resolve when we rely on the 

creation of the microstrip lines with a milling machine; because in this case it is 

necessary for the drill bit to penetrate the substrate in order to create smooth edges in the 

microstrip copper. 

Another likely cause of the poor performance is due to that the original construction 

of the delay lines design does not contain any connection between the coplanar grounds 

and the bottom ground plane, other than those made at the SMA edge launch connectors 

(see Fig. 90(a)). Understanding this effect/possibility is much easier  because copper can 

be added to the edges of the delay lines and soldered onto the existing grounds planes to 

create a top to bottom connection along the length of the delay line. The 2nd generation 

set of delay lines was used in this experiment because they displayed the most 

inconsistent performance out of the milled delay line sets. 

In order to connect the ground planes of the top and bottom layers, 5mm copper tape 

was rolled around the edges of the delay lines as seen in Fig.  115. A solder bead is then 

laid along the interface between the edge of the copper tape and the PCB ground plane. 

This process was repeated for all of the 2nd generation milled delay lines from unit-1 to 

unit-18 and also all 3 reference lines. 

 

Fig.  115. Diagram of the 2nd generation delay line structure after the addition of the copper tape. 
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The addition of the edge connected grounds to the delay lines will eliminate much of 

the charge allowed to build up between the top layer coplanar grounds and the bottom 

ground plane, thus minimizing the capacitance of the grounds on the boards. It should be 

noted that when these structures are simulated in ADS, the ‘linecalc’ software assumes 

that all ground planes are perfectly grounded at all points along the coplanar waveguide. 

Because of this, it is important to try and achieve a structure which emulates the 

assumptions made by the software as closely as possible. The upgraded delay lines were 

characterized the same way as the previous sets, and the data can be viewed in Table 12 

and Fig.  116. 

Table 12. 2.4 GHz performance of the original milled delay lines with enhanced 

 
Scattering Parameters (dB) 

  Line Ident. (N) S11 S22 S21 S12 Physical Phase (Φ) Progressive Phase (ΦN-ΦN-1) 

0 Reference 1 -27.10 -27.10 -0.20 -0.20 -133.50 N/A 
0 Reference 2 -25.10 -24.50 -0.16 -0.20 -137.90 N/A 
0 Reference 3 -25.90 -22.70 -0.17 -0.21 -133.20 N/A 

1 -27.10 -26.90 -0.20 -0.20 -146.30 -13.10 
2 -17.10 -17.10 -0.45 -0.36 -156.90 -10.60 
3 -17.30 -16.80 -0.30 -0.30 -165.40 -8.50 
4 -15.40 -14.90 -0.50 -0.40 -173.50 -8.10 
5 -11.90 -11.90 -0.60 -0.60 -184.90 -11.40 
6 -11.40 -11.30 -0.60 -0.60 -191.70 -6.80 
7 -10.80 -10.80 -0.70 -0.60 -199.60 -7.90 
8 -9.00 -9.00 -0.90 -0.80 -210.40 -10.80 
9 -8.90 -9.00 -0.90 -0.80 -218.50 -8.10 

10 -8.60 -8.60 -0.90 -0.80 -228.20 -9.70 
11 -8.20 -8.10 -0.90 -0.90 -237.10 -8.90 
12 -8.50 -8.50 -0.80 -0.80 -245.90 -8.80 
13 -7.90 -8.00 -0.90 -0.90 -247.10 -1.20 
14 -8.60 -8.60 -0.80 -0.80 -253.20 -6.10 
15 -9.10 -9.20 -0.70 -0.70 -265.20 -12.00 
16 -9.90 -9.70 -0.60 -0.70 -273.80 -8.60 
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17 -11.60 -11.10 -0.50 -0.60 -282.80 -9.00 
18 -13.20 -13.60 -0.40 -0.50 -293.90 -11.10 

{

0-References  

Fig.  116. Graph of the physical phase and the progressive phase between units of the original delay 
line set with the edge ground enhancement added as shown in Fig. 91.  

 

The enhanced performance of the delay lines after adding the strengthened grounds 

means that these delay lines can be used for phased array configurations and beam 

steering. Therefore, even not perfect yet, these will be the delay lines used when 

characterizing the beam steering arrays and taking data with the NCVS system with beam 

steerable arrays. 
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Fig.  117. Image of the 2nd generation set of delay line modules including the enhanced ground 
edges. 

 

2.4.4 Simulation and Testing Results of Beam Steering with Delay Lines 

The unmatched 8-turn helical antennas were arranged into a 3-element array as 

described in Fig.  105. The unmatched 8-turn helical antenna is used in these experiments 

to construct the phased arrays because the matching elements on the quarter-wave and L-

section matched antennas are individually tuned to provide the best S11 performance, and 

as such, the phase delay between the SMA input and the radiator helix is very likely to be 

inconsistent between the different antennas. In the case of the unmatched helical 

antennas, they are all identical in construction and dimension, and thus must be more 

consistent in their electrical performance. Even with the unmatched inputs, the antennas 

exhibit a measured gain of 9.9 dB which is still good compared to the other antenna types 

(Patch, LPDA), and not too diminished from the best case from the match helical 

antennas (11.2 dB). 

The helical antennas are set up into an array using three elements for the main array, 

and a parasitic helical antenna mounted above the center of the array with a 50 load 

attached, to act as the receiver antenna in the NCVS biosensor. This mimics the 

configuration of the antenna array set-up for use in the NCVS system data collection, so 

that it can be evaluated properly with the position of the beam illumination on the subject 

Zero 
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known. Since this configuration is a 1-Dimensional array, the vertical patterns (non-

steerable place) around the maximum directivity angle were measured when the beam 

was centered, and also at the maximum left and right steering angles. The vertical HBPW 

was consistent at 41o over this range, so this pattern will be shown for the forward 

centered angle only, but the 41o HPBW in the vertical direction will be used along with 

the horizontal HPBW to approximate the directivity in each steering condition. 

The following pages show the Matlab simulations of an ideal array of 8-turn helical 

antennas. The program that generates these figures was graciously written by Professor 

Thomas Trost for us as he helped us to develop our helical antennas and arrays. The code 

itself was given to me as a printed hard copy, so I transcribed the first section of the code, 

which was designed to simulate single-element antennas, linear arrays, and planar arrays. 

I have also added some pattern analysis code that determined the HPBW and steering 

angles of the pattern results. 

The Matlab code is based on the basic MxN-element array factor equations for a 

planar array as outlined in Balanis [28], and the axial mode helical antenna array factor 

equations from Kraus [8]. This approximation uses a Hansen-Wooyard endfire array 

factor for the helical antenna itself [8]: 
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In Equ. 2.12, 'n' represents the number of turns in the helical antenna design, and 'ψ' 

contains the dimensional information about the array of point sources. Since the turns of 

the helix in the antenna are 'Sλ' turns apart, the spacing between the turns relative to λ is 
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inserted into the program as Sλ. Also, the cos(θ) at the end of Equ. 2.12 represents the 

pattern for a single turn loop antenna, which is multiplied by the Hansen-Woodyard array 

factor This loop replaces each turn of the helix coil in the helical antenna approximation. 

This total equations now represents a single helical antenna with dimensions normalized 

to λ, and with 'n' turns. Since the array factors here are normalized to λ, they are 

frequency independent. 

 

This helical antenna array factor is then multiplied by the simple 'MxN' element 

planar array factor for an array of point sources [28]: 
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 where  

 xxx kd βφθψ += cossin  

 yyy kd βφθψ += sinsin  

In Equ. 2.13, (AFn) represents the normalized array factor for a planar array of M (x 

direction) by N (y direction) elements. We can simulate a single a single antenna by 

setting M and N equal to 1 in the Matlab simulation. Or, by setting M equal to 3 and N 

equal to 1, we can simulate the 3-element linear array of helical antennas which lies on a 

horizontal (along x-axis) plane. This would simulate the actual arrangement of helical 

antennas which we have made in the lab. Additionally, ψx and ψy represent the array 

parameters and the angular displacement vectors for solving the pattern vs. angle. βx/y 

represents the phase displacement between elements in the array in either the x or the y 

direction. This βx would be used to adjust the phase inputs to simulate beam steering. 
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These two array factors are simply multiplied together in Matlab and plotted vs. θ. I 

added a short script to the end of the program which finds the index of the maximum 

value of the plotted pattern and then multiplies it by the angular resolution used in the θ 

array in Matlab, which then gives the deflection angle of the approximated beam. 

 

To verify the measured antenna patterns, I first compared the measured pattern of a 

single helical antenna to that of the simulation program. From this comparison, we can 

see that the main lobe and first side lobe (FSL) locations match up very well with the 

simulated results. The expected and measured HPBW are also in very good agreement, as 

the simulated HPBW is 44.5o and the measured is 45o. 

 

Fig.  118. Measured vs. simulated radiation patterns for a single 8-turn axial mode helical antenna. 
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Additionally, the simulation results were compared with the measured radiation 

pattern of the un-steered (0o) 3-element linear array of AMHAs. The HPBW of the 

simulated and measured patterns are 16.7o and 17.1o respectively. Also, it can be seen 

that the side lobe locations are also in general agreement between the two patterns. 

 

Fig.  119. Measured vs. simulated radiation patterns for an un-steered 3-element array of AMHA's. 

 

It is also important to verify that the beam steering angles we measure are in 

agreement with the simulation results. This helps us to make sure that there are no serious 

errors in the helical array design. Fig.  120 shows the simulated and measured radiation 

patterns for a 3-element array of AMHA's with an inter-element phase shift of 90o in 

excitation signals. The physical input phase shift of the measured array is controlled by 

the PDM's. The non-idealities and imperfections in the physical antennas become more 

evident at larger steering angles, as can be seen by the slightly larger HPBW difference 
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between the two patterns (16.7o vs. 18o), and the expected steering angle (12.4o) vs. the 

measured steering angle (14o). However, it is still very evident that the measured helical 

antenna array very well matched to the simulated expectations. 

 

Fig.  120. Measured vs. simulated radiation patterns for a 3-element array of AMHA with 90o inter-
element phase shift. 

 

Because the PDM's which I have designed are available in 10 degree increments, I 

began by entering the phase shift in 10o increments (converting to radians) until I found 

steering angles which made sense for the NCVS measurements. The criteria I used was to 

find 3 beam angles which could be steered at a distance of 50cm and still be illuminating 

the subject in different spots of the body without missing the subject completely. The 

phase shift values that I eventually chose were 90o, 60o, and 20o, which generate the 

estimates shown in the figures below and in Table 13.  
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Table 13. Table of array phase conditions with simulated steering angles shown. 

Array Condition PDM 1 PDM 2 PDM 3 Simulated Angle (degrees) 
1 0o 0o 0o 0o (Centered) 
2 0o 20o 40o 2.9o 

3 0o 60o 120o 8.2o 

4 0o 90o 180o 12.4o 

5 40o 20o 0o -2.9o 

6 120o 60o 0o -8.2o 

7 180o 90o 0o -12.4o 

 

The following figures show the measurement results and analysis of the antenna 

performance for the 7 PDM configurations in Table 13. In these figures, the designation 

horizontal refers to the measurement which cuts a plane through the radiation pattern that 

is parallel to the ground when the array elements are also parallel to the ground. The 

vertical orientation can be described as the measurement which rotates around an axis 

along the elements of the array. The circular arrow shown in Fig.  121 shows how the 

antenna would be rotated during the pattern measurement. 

 

View from TOP

Horizontal Orientation Vertical Orientation

View from SIDE

Array
Array

 

Fig.  121. Drawing outlining the difference between the horizontal and vertical array measurements. 
Human subject is shown for reference. 
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PDM modules are of the condition 1: 0o, 0o, 0o 

 
 

Horizontal 

 
 

Vertical 

Plane HPBW Beam Deflection Directivity Gain 
Horizontal 17.1o -0.1o 

17.7 dBi 9.9 dB Vertical 41.0o -1.1o 

 

Fig.  122. Measured radiation patterns for the phased array under condition 1. 
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PDM modules are: 0o, 20o, 40o 

 
Horizontal 

Plane HPBW Beam Deflection Directivity Gain 
Horizontal 16.9o 3.6o 

17.7 dBi 9.9 dB Vertical 41.0o -1.1o 

 

Fig.  123. Measured radiation pattern for the phased array under condition 2. 

PDM modules are: 0o, 60o, 120o 

 
Horizontal 

Plane HPBW Beam Deflection Directivity Gain 
Horizontal 17.8o 9.9o 

17.5 dBi 9.7 dB Vertical 41.0o -1.1o 

 

Fig.  124. Measured radiation pattern for the phased array under condition 3. 



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
150 

 

PDM modules are: 0o, 90o, 180o 

 
Horizontal 

Plane HPBW Beam Deflection Directivity Gain 
Horizontal 17.8o 13.3o 

17.5 dBi 9.7 dB Vertical 41.0o -1.1o 

 

Fig.  125. Measured radiation pattern for the phased array under condition 4. 

PDM modules are: 40o, 20o, 0o 

 
Horizontal 

Plane HPBW Beam Deflection Directivity Gain 
Horizontal 17.1o -4.6o 

17.7 dBi 9.9 dB Vertical 41.0o -1.1o 

 

Fig.  126. Measured radiation pattern for the phased array under condition 5. 
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PDM modules are: 120o, 60o, 0o 

 
Horizontal 

Plane HPBW Beam Deflection Directivity Gain 
Horizontal 17.6o -10.1o 

17.6 dBi 9.8 dB Vertical 41.0o -1.1o 

 

Fig.  127. Measured radiation pattern for the phased array under condition 6. 

 

PDM modules are: 180o, 90o, 0o 

 
Horizontal 

Plane HPBW Beam Deflection Directivity Gain 
Horizontal 18.0o -14.1o 

17.5 dBi 9.7 dB Vertical 41.0o -1.1o 

 

Fig.  128. Measured radiation pattern for the phased array under condition 7. 
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From the data collected and measured in the anechoic chamber regarding the 

radiation patterns under the different steering conditions, it is apparent that the HPBW, 

directivity, and gain are largely unaffected by changing the beam angle. Measured 

HPBW ranged from 16.9o to 18.0o, directivity was between 17.5 and 17.7 dBi in all 

cases, and the gain ranged from 12.0 dB to 12.2 dB. Additionally, the HPBW values 

which were measured in the stable anechoic chamber environment were much narrower 

than the expected values of 27o (Hor) and 52o (Vert) which were shown by the Matlab 

simulations. This discrepancy may be due to the fact that the equations used to describe 

the radiation patterns are rough Hansen-Woodyard approximations, which do not model 

the actual geometry of an AMHA, but rather model the AMHA as a series of isotropic 

point sources with spacing equal to the spacing between each turn of the radiating helix 

in the AMHA [28]. The S-parameter characteristics of the 3-way power splitter must also 

be known in order to accurately assess the causes of the performance numbers measured 

in the phased array. Fig.  129 shows the configuration of the network analyzer for 

measuring the 3-way power splitter. 
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Fig.  129. Graphical representation of the network analyzer set-up for testing the S11 and S21 of the 
3-way power splitter ports. 
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The calibrated measurement is taken over a frequency range from 500 MHz to 4.0 

GHz to observe the response over a range which encompasses all frequencies used in this 

thesis work. Fig.  130 displays the measured S11 and S21 performance of the 3-way power 

splitter in dB. The average insertion loss (S21) value of -9.41 dB will be used as a basis 

for the channel loss from the power splitter. 

 

Fig.  130. Measured S11 and S21 data from the 3-way power splitter. 

 

If one compares the directivity of the individual unmatched helical antenna (12.6 dBi) 

to the directivity of the 3-element 1-Dimensional array of unmatched helical antennas 

(17.7 dBi), it may be expected that the increase in gain would be proportional to the 

increase in directivity (and increase of 5.1 dB), since the efficiency of the individual 

antennas making up the array remain the same. However, this would only be true in an 

ideal case where the delay lines and 3-way power splitter have no losses. Keep in mind 

that the gain of the array of AMHA's is measured with respect to the input of the 3-way 

power splitter, with the entire apparatus being considered a singular antenna unit. In an 

ideal case, the expected gain from this array would be 15.0 dB, an increase of 5.1 dB 
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from 9.9 dB for the original antenna. In reality, however, the measured gain from the 

helical array is still 9.9 dB on average across the recorded steering angles. The plausible 

explanations are discussed below. 

The measured efficiency from the individual unmatched helical antennas was 53.3 % 

(from Table 8). We can calculate the efficiency of the AMHA phased array with the 

simple formula below (note Gain and Directivity must be in their linear form): 

 
D
G

r =ε  (2.14) 

In the case of the AMHA phased array, we get: 

 % 6.16or  166.0
9.58

77.9
7.17
9.9

===
dB
dB

rε  (2.15) 

When it comes to antennas and antenna design, a radiation efficiency of 16.6% is 

considered to be relatively low. Much of the loss contributing to this reduction in 

efficiency comes from the 9.41 dB loss added to each antenna channel from the power 

splitter, and also from the fact that these particular AMHA are not 50Ω matched. The 

positive recombination in free space from the individual array elements offsets some of 

that total loss on the individual channels. Even with this relatively low efficiency number, 

we can see from the NCVS sensor measurement results in Chapter 3, that the directivity 

and beam spot illumination plays an important role in the accuracy of the NCVS 

biosensor system, especially when working with high gains in the 8+ dB range. 
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Chapter 3 

Use of Directive Antennas and Phased Arrays with the NCVS 

Biosensor 
 

3.1 Configuration of the NCVS System for Antenna Performance Analysis 

The 4th generation NCVS biosensor system was tested with a number of different 

antenna types to evaluate the effects that the antenna types have on the performance of 

the system. The performance of the system is quantified in this work by taking numerous 

sets of vital sign data from different test subjects, and comparing the extracted non-

contact vital signs information with the information measured by the piezoelectric finger 

pulse sensor. To be more clear, at each instance in time (typically at a rate of 25 Hz), the 

processed NCVS data will include a non-contact heart rate and a physical heart reference 

rate. These two values are compared for that point in time and appended to an array 

which keeps track of the vital signs rate history for that set of measurement data. 

Accuracy rates are calculated by looking at a large range of the heart rate history (both 

the non-contact readings and the reference readings) and comparing the difference from 

the non-contact reading vs. the reference within an “error threshold”. In this work, three 

thresholds are used, and they are ±1, ±2, and ±5 beat-per-minute (BPM). For example, 

the ±1 BPM accuracy would be computed by counting the number of samples for which 

the absolute value of the difference between the reference rate and the non-contact rate is 

less than 1 BPM. This number is divided by the total number of samples to compute the 

accuracy percentage for that threshold. In addition to these computed accuracy 

percentage numbers, performance is quantified further with the box plot analysis, where 

the data is fitted to quartile ranges. The inter-quartile range (IQR) is the numerical range 

of error covered by the middle 50% of error data points. Another way to say this is that 
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the closest 50% of samples to the reference value fall within the IQR. The standard 

deviation of the error set is also computed to show better statistics of the noncontact vital 

signs reading. All of the computations and plotting of the box charts is done within 

MATLAB, by importing the excel files which are produced by the NCVS LabVIEW 

code. 

The NCVS system was set up in the anechoic chamber so that the subject and system 

components are adequately isolated from reflective objects, which can otherwise cause 

excessive clutter noise in the system. This is especially beneficial in evaluating the 

performance of the antennas, as it allows the antenna to be the only free variable in the 

experiments. The NCVS system is was placed on a plastic utility cart, and Velcro tape 

affixed to the side of the cart. The various antenna types were then able to be placed 

easily in the correct position with consistency between the tests. The cart set-up and 

subject position can be seen in Fig.  131. 

 

Fig.  131. Drawing of the NCVS system configuration for evaluation of the different antenna types. 
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3.2 Performance Analysis of the NCVS Biosensor with Various Antenna Types 

Three types of antenna are evaluated on the NCVS system. Two of the antennas 

operate under linear electrical polarization. These are: the Log periodic dipole antenna 

(LPDA) and the patch antenna. The other antenna use is the 8-turn axial mode helical 

antenna from Section 2.3.3. The radiation emitted from this antenna is circularly 

polarized. 

The performance analysis described in this section is from the work presented in our 

paper from BioWireleSS 2012, authored by Vigneshrudra Das, another Masters student 

in Dr. Lie's RF/Analog-SoC Laboratory [21]. My contributions to this particular portion 

of the evaluation include writing the LabVIEW code which runs the NCVS control and 

signal processing routines, designing and constructing the AMHA's used in the 

evaluation, and contributing time as a test subject during the study. I was also a part of 

the group which mentored the undergraduate students who developed the turn-table for 

measuring the antenna radiation patterns. The 3rd generation antenna measurement 

system had not yet been developed when this work was performed. However, the 

measurements performed by the 3rd generation system, which are shown in Section 2.3, 

still hold true to this work, and will provide a higher resolution look at the antenna 

radiation patterns compared to what was available and published in the BioWireleSS 

paper referenced in this paragraph. 
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3.2.1 LPDA Antenna Performance 

The NCVS biosensor was tested with the Log periodic antennas described and 

characterized in Section 2.3.1. The performance of the system with these antennas is 

shown in the table below. The LPDA's were placed facing the subject, and separated 

from each other by a distance of 15 cm. 

 

Table 14. Heart rate performance data from the NCVS biosensor using log periodic antennas. 

Parameter/Threshold 1 BPM 2 BPM 5 BPM Inter-Quartile 
Range STDEV 

Value 65.04 % 70.61 % 76.07 % 0.98 BPM 5.8 BPM 

 

 

3.2.2 Patch Antenna Performance 

In addition to the LPDA's in the last section, the NCVS biosensor was also tested 

with the patch antennas from Section 2.3.2. Like the LPDA antenna set-up, the patch 

antennas are places 15cm apart and faced toward the subject’s chest. The performance 

analysis using the patch antennas is shown in Table 15. 

 

Table 15. Heart rate performance data from the NCVS biosensor using patch antennas. 

Parameter/Threshold 1 BPM 2 BPM 5 BPM Inter-Quartile 
Range STDEV 

Value 62.64 % 67.91 % 72.73 % 1.34 BPM 15.5 BPM 
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3.2.3 Helical Antenna Performance 

The helical antennas used to evaluate the NCVS sensor in this particular study are the 

quarter-wave matched helical antennas. The quarter-wave antennas provided the best 

bandwidth performance, along with a very good match to 50Ω at the input. The 

characterization data regarding this helical antenna can be seen in Section 2.3.3. 

 

Table 16. Heart rate performance data from the NCVS biosensor AMHAs. 

Parameter/Threshold 1 BPM 2 BPM 5 BPM Inter-Quartile 
Range STDEV 

Value 74.53 % 77.91 % 84.53 % 0.53 BPM 5.6 BPM 

 

3.2.4 Analysis of Measured Performance with Single Antennas 

It is visible from the performance data in the previous sections that the helical antenna 

allows for the best heart rate accuracy within the NCVS system among these three 

antenna types. It has been observed and analyzed that the main reason for this increase in 

performance is due to the higher directivity of the antenna, rather than the higher gain, as 

long as the modulations in the baseband I and Q signals of the NCVS system are well 

above the noise floor (this can be observed in the recorded raw data or in the LabVIEW 

VI while a test is running). For example, we can observe in Fig.  132 that the 

demodulated “arctan” signals are well above the noise floor for the four measured 

antenna types. The heart perturbations are clearly visible (small pulses) on top of the 

lower frequency respiration modulations (larger waves). The helical antennas also exhibit 
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a noticeably larger signal swing than the other antenna types. The data in this figure is for 

a 50cm distance. 

 

Fig.  132. Time based arctangent demodulated signal for heart rate extraction (front readings) [21] 

Another study was performed along with that presented in our BioWireleSS paper to 

show that the increased directivity of the helical antennas is more responsible for the 

increased accuracy than the increased gain of the helical antennas over the other antenna 

types. In this study, 3dB attenuators were placed on the inputs of the transmitting and the 

receiving AMHAs, bringing the effective gain of each antenna down to 6.9 dB rather than 

the measured 9.9 dB. Data recordings were then taken using the same methods as the 

other single antenna measurements, with the same number of samples. The purpose of 

this experiment is to show that the performance of the NCVS system with the AMHA is 

not adversely affected by the change in gain, since the directivity of the antenna is 

constant. As can be seen in Table 17, both AMHA's (with and without the 3 dB 

attenuators) achieve very similar BPM accuracy statistics as well as in the IQR. The 

standard deviation recorded was slightly higher for the 3dB attenuated antenna than for 

the un-attenuated antenna, but overall the performance is very similar, showing that the 
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directivity is a bigger factor in NCVS performance than the gain when it comes to which 

antennas are used. 

Table 17. Table of NCVS accuracy with standard antennas and a 3dB attenuated AMHA 

Antenna Type 1BPM 
Accuracy 

2 BPM 
Accuracy 

5 BPM 
Accuracy IQR STDEV 

Log Periodic 65.04 % 70.61 % 76.07 % 0.98 BPM 5.8 BPM 

Patch 62.64 % 67.91 % 72.73 % 1.34 BPM 15.5 BPM 

Helical 74.53 % 77.91 % 84.53 % 0.53 BPM 5.6 BPM 

Helical (3dB 
Atten.) 78.17 % 81.83 % 85.60 % 0.46 BPM 7.94 BPM 
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3.3 Using Phased Arrays with the NCVS Biosensor 

As discussed previously in this thesis, there are two major benefits of assembling 

antennas into a phased array. First, the directivity of a specific antenna type can be 

increased, which is an effect of the increased effective aperture when the antennas are 

configured together into an array. Second, the phase input to the array elements can be 

adjusted, allowing the main lobe of the radiation pattern to be moved or 'steered' in a 

direction other than the natural direction of the antennas making up the array. 

In the case of the NCVS system, these properties could be beneficial in a number of 

ways. When looking into the benefits of the increased directivity, it is clear that if a 

higher percentage of the radiation from the antennas is directed at the subject’s chest 

wall, then there would be a stronger Doppler signal in relation to the static or dynamic 

clutters noise picked up by the stray radiation that does not strike the subject directly but 

still gets received back at the NCVS sensor. In theory, this higher signal-to-noise-ratio 

(SNR) makes the vital signs signals easier to be distinguished and extracted from the 

overall received signals using the DSP algorithm. As for the ability to steer the beam, 

there are a multitude of things that could be done to enhance the functionality of the 

NCVS biosensor. One of these ideas will be discussed and evaluated in this work. 

The concept explored in this work is that the radiation pattern could be steered in the 

vicinity of the subject’s chest to maximize the effectiveness of the vital signs retrieval, by 

aiming the main lobe directly at the area of the chest that exhibits the most movement 

from the heart and respiration actions. This concept will be evaluated in the anechoic 

chamber and the results of the experimentation will be shown in section 3.4.1.1. An 

additional concept that can be evaluated in the future is to use the steering capability of 

the array to recover the vital signs information when the subject is not located directly in 

front of the antenna array. In this case, the main lobe can be steered to strike the subject 

more directly than if they were positioned outside of the 3dB beam width of the main 
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radiation lobe. This concept will be briefly discussed in the conclusion as a possible 

future study for this NCVS system. So far, very little research has been reproted on using 

NCVS system with antenna arrays or beam scanable phased arrays; as a matter of fact, 

Professor Donald Lie’s group already worked on this concept as early as 2007 and 

successfully convinced Texas Tech’s OTC Office to have filed a US provision patent at 

10/14/2009 titled “Miniaturized non-contact cyber-enabled biosensor SoC with beam-

steering capabilities for continuous vital-signs and motion monitoring”, inventors Donald 

Lie and R. Banister, Application Number: 61251700 [29-31]. To the best of our 

knowledge, our work is the first extensive study of using beam scanning phased arrays to 

detect vital signs statistics with a very large data sample set. 

 

3.3.1 NCVS Performance with Helical Antenna Phased Arrays 

The following two sections describe and present the experimental configurations and 

results from the two aforementioned conceptual enhancements to the NCVS sensor using 

phased arrays. Section 3.4.1.1 describes the evaluation in which the subject remains 

stationary and the beam scans to different locations on the body to examine the accuracy 

of the sensor when looking at a different point on the body. Section 3.4.1.2 describes the 

experiment in which the subject moves to different equidistant locations with respect to 

the phased array sensor, while the main beam is steered to always point directly at the 

subject. This experiment can be considered to be a preliminary study into the possibility 

of tracking multiple subjects by actively steering the beam around a room. However, in 

these cases the phases shifters are all static and passive, so each case is simply used to 

show the ability of the NCVS sensor system to recover the vital signs information while 

the beam is steered towards subjects at different locations. 
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3.3.1.1 Illuminating Different Areas of the Subject's Chest and Back using the Phased 

Array 

The first step in evaluating the helical phased arrays on the NCVS platform was to 

determine the radiation beam-spot and 3dB illumination coverage on the average subject. 

I am an average height (5'11") American male, so I used my own physical measurements 

to outline the radiation coverage in this report. The initial phased array set up followed 

the dimensions used in the past non-array set-ups, which the transmitter height at 77.5 cm 

and the subject sitting at a hip-height of 55 cm. 

 

Fig.  133. Diagram of the NCVS antenna and subject configuration for evaluation of the horizontal 
phased array antennas (tested inside an anechoic chamber). Front measurement shown. 
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This configuration allows for the shortest path of the reflection wave (from TX to RX 

antennas) to be incident near or around the bottom of the sternum, where heartbeat and 

respiration movements are well presented by the movement of the diaphragm. In order to 

determine the beam spot locations using this configuration on the actual human subject, 

the antenna radiation patterns were determined for seven discrete phase conditions of the 

array. 

 
3.3.1.2 Determining the Beam Illumination (Beam Spot) Locations 

The beam spot locations on the body of the subject can be calculated using the 

information from the radiation patterns and the location of the subject in relation to the 

transmitting array. It is also important to look at not only the illumination area of the 

transmitting wave, but also the beam spot location and the coverage of the receiving 

antenna. For example, if the receiving antenna's 3 dB coverage does not coincide with the 

3 dB coverage of the transmitting antenna, very large losses could be introduced in the 

free space path between the TX and RX points, possible causing the system to receive 

virtually no vital signs information from the subject.  

 

Fig.  134. Simple illustration showing how the HPBW (Half-Power Beam-Width) can be visualized 
projecting from the antenna source. Various HPBW angles are shown in differing colors. 
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The 3 dB coverage implies the illumination area covered by the spatial 3 dB beam 

width (or Half-Power Beam Width - HPBW) of the antenna. For a helical antenna, this 3 

dB coverage is usually an elliptical area with dimensions determined by the HPBW 

projection from center of the antenna aperture to a specified distance from the antenna. 

The beam spot location information are presented using the drawing as shown in Fig.  

135. 

 

 

Fig.  135. Drawing of the subject with antenna locations and 3dB beam spot locations for both the 
receive (RX) and the transmit (TX) phased array antennas. Drawing is to scale in centimeters. 

 

When the figure above is shown later to present the beam spot locations, the actual 

dimensions of the beam illumination will be specified as well. The transmitting antenna 

illumination is outlined in BLUE and the receiving antenna illumination is outlined in 

GREY (both as dashed lines). The legs of the subject in the subsequent beam spot 
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steering figures will be removed to save space. The subject is facing the antennas 

perpendicularly that are out-of-page. 

The accuracy results are shown for each test condition using 120 seconds of data from 

each of the 3 different test subjects located in the same position relative to the antennas. 

The total data time for each condition in this preliminary study is 360 seconds; in total, 

9,000 data samples per condition at a processing rate of 25 Hz is collected. 

The accuracy data will be presented in the form of box plots, where the distribution of 

data points can be seen overlain by information about the inter-quartile ranges and outlier 

definitions. This makes it easy to see the outlier range against the statistical accuracy of 

the data. The outliers are defined by the whisker length 'w', which in the case of these 

reports is set to 1.5. This means that any data points which have a value higher than q3 + 

w(q3 – q1) or less than q1 – w(q3 – q1), where q1 and q3 are the 25th and 75th percentile 

limits respectively (these are determined by the data set distribution). A 'w' of 1.5 

corresponds to an outlier range equivalent to +/- 2.7σ (2.7 times the standard deviation of 

the data set), or 99.3% coverage of the data set if Gaussian distribution is assumed. This 

means that the outliers account for only about 0.7% of the total data set. 

Additionally, the data distributions will be shown in a histogram to make the 

visualization of the data distribution more clear than is available from the box plots. 

These will be shown for each measurement distance in the preliminary readings after the 

tabulated statistical data. A histogram will also be shown for the 6 back measurement 

cases as well as for the large data set taken from the front of the subjects at 50cm. In the 

case of the steering angle sweeping experiments, the histograms will be shown in order as 

the steering cases move from left to right. This order corresponds to the order shown in 

the box plots as well. 
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Beam Spot Locations and NCVS Performance for a Distance of 50 cm 

Phased array beam centered 

 

 

Parameter Value 

1 BPM % 79.93 % 

2 BPM % 83.75 % 

5 BPM % 88.51 % 

Non-Outlier 
Range 

2.69 BPM 

IQR 0.68 BPM 

STDEV 3.97 BPM 
 

 

Fig.  136. Beam spots shown for a subject at the distance of 50 cm and beam centered. 
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Phased array beam steered 3.6o to the right 

 

 

Parameter Value 

1 BPM % 61.03 % 

2 BPM % 69.90 % 

5 BPM % 85.23 % 

Non-Outlier 
Range 

4.41 BPM 

IQR 1.12 BPM 

STDEV 3.50 BPM 
 

 

Fig.  137. Beam spots shown for a subject at the distance of 50 cm and beam steered 3.6o to the 
right. 
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Phased array beam steered 9.9o to the right 

 

 

Parameter Value 

1 BPM % 66.93 % 

2 BPM % 72.79 % 

5 BPM % 74.90 % 

Non-Outlier 
Range 

3.30 BPM 

IQR 0.83 BPM 

STDEV 11.48 BPM 
 

 

Fig.  138. Beam spots shown for a subject at the distance of 50 cm and beam steered 9.9o to the 
right. 
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Phased array beam steered 13.3o to the right 

 

 

Parameter Value 

1 BPM % 61.50 % 

2 BPM % 72.96 % 

5 BPM % 79.21 % 

Non-Outlier 
Range 

5.87 BPM 

IQR 1.47 BPM 

STDEV 9.17 BPM 
 

 

Fig.  139. Beam spots shown for a subject at the distance of 50 cm and beam steered 13.3o to the 
right. 
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Phased array beam steered 4.6o to the left 

 

 

Parameter Value 

1 BPM % 84.37 % 

2 BPM % 88.18 % 

5 BPM % 91.68 % 

Non-Outlier 
Range 

2.21 BPM 

IQR 0.554 BPM 

STDEV 6.64 BPM 
 

 

Fig.  140. Beam spots shown for a subject at the distance of 50 cm and beam steered 4.1o to the left. 
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Phased array beam steered 10.1o to the left 

 

 

Parameter Value 

1 BPM % 65.57 % 

2 BPM % 69.44 % 

5 BPM % 75.51 % 

Non-Outlier 
Range 

3.11 BPM 

IQR 0.867 BPM 

STDEV 4.72 BPM 
 

 

Fig.  141. Beam spots shown for subject distance of 50 cm and beam steered 10.1o to the left. 
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Phased array beam steered 14.1o to the left 

 

 

Parameter Value 

1 BPM % 72.23 % 

2 BPM % 77.56 % 

5 BPM % 81.22 % 

Non-Outlier 
Range 

3.15 BPM 

IQR 0.791 BPM 

STDEV 4.31 BPM 
 

 

Fig.  142. Beam spots shown for subject distance of 50 cm and beam steered 14.1o to the left. 
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Comparison of 50 cm Data vs. Angle 

 
Table 18. Tabulation of the preliminary NCVS performance with helical phased array at 50cm. 

Parameter -14.1o -10.1o -4.6o 0o 3.6o 9.9o 13.3o 

1 BPM % 72.23 % 65.57 % 84.37 % 79.93 % 61.03 % 66.93 % 61.50 % 

2 BPM % 77.56 % 69.44 % 88.18 % 83.75 % 69.90 % 72.79 % 72.96 % 

5 BPM % 81.22 % 75.51 % 91.68 % 88.51 % 85.23 % 74.90 % 79.21 % 

Non-Outlier 
Fence-Range 3.15 BPM 3.11 BPM 2.21 BPM 2.69 BPM 4.41 BPM 3.30 BPM 5.87 BPM 

IQR 0.791 BPM 0.867 BPM 0.554 BPM 0.68 BPM 1.12 BPM 0.83 BPM 1.47 BPM 

STDEV 4.31 BPM 4.72 BPM 6.64 BPM 3.97 BPM 3.50 BPM 11.48 BPM 9.17 BPM 
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The following pages display histogram plots for the data taken at each angle 

corresponding to Table 18. 

 

Fig.  143. Histogram of the 9,000 data point front readings at 50cm (-14.4o steering angle) 

 

 

Fig.  144. Histogram of the 9,000 data point front readings at 50cm (-10.1o steering angle) 

 



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
177 

 

 

 

Fig.  145. Histogram of the 9,000 data point front readings at 50cm (-4.6o steering angle) 

 

 

 

Fig.  146. Histogram of the 9,000 data point front readings at 50cm (0o steering angle) 
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Fig.  147. Histogram of the 9,000 data point front readings at 50cm (3.6o steering angle) 

 

 

Fig.  148. Histogram of the 9,000 data point front readings at 50cm (9.9o steering angle) 
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Fig.  149. Histogram of the 9,000 data point front readings at 50cm (13.3o steering angle) 
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It can be seen that the best performance was seen with the beam angle steered 4.6o to 

the left (in terms of accuracy and IQR), or the beam angle steered 3.6o to the right (in 

terms of the STDEV) with respect to the transmitting antenna’s main beam direction. The 

case for best accuracy corresponds to condition #5 in the phase delay module 

configuration. In this configuration, the main beam patch strikes the subject about 3.6 cm 

to the right of the sternum when the subject is aligned and facing the antenna. This result 

is a bit unexpected because the heart is situated slightly to the left in the human body. 

However, the results were consistently better for this configuration between the 3 test 

subjects in this preliminary trial when the measurement distance was 50 cm. Condition #3 

the (beam angle steered 3.6o to the right) provides the smallest STDEV with no outliers 

outside +/-10 BPM compared to the reference, This might be related to the beam is 

directly hitting the heart, which makes the SNR for the heart movement strongest among 

all cases to reduce the outliers; however, much more data with better statistics are 

required to draw a definitely conclusion here. It also appears that the results are better 

when the beam spots are close to the center of the subject (i.e., conditions 3,4,5), which is 

not surprising as the overlap of the TX and RX antennas patterns in those conditions is 

larger, resulting in better SNR for the received signals.  Furthermore, it is worth noting 

that there were some instances where one subject would achieve much worse results than 

the rest; however, it was never specific to one specific subject person. These anomalies 

were usually due to motion artifacts and restarting the test usually fixed the problem. We 

will present the NCVS data measured at a distance of 75cm from the subjects next. 
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Beam Spot Locations and NCVS Performance for a Distance of 75 cm 

Phased array beam centered 

 

 

Parameter Value 

1 BPM % 75.40 % 

2 BPM % 79.77 % 

5 BPM % 86.84 % 

Non-Outlier 
Range 3.03 BPM 

IQR 0.76 BPM 

STDEV 3.91 BPM 
 

 

Fig.  150. Beam spots shown for a subject at the distance of 75 cm and beam centered. 
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Phased array beam steered 3.6o to the right 

 

 

Parameter Value 

1 BPM % 62.90 % 

2 BPM % 68.29 % 

5 BPM % 76.12 % 

Non-Outlier 
Range 

5.58 BPM 

IQR 1.39 BPM 

STDEV 5.57 BPM 
 

 

Fig.  151. Beam spots shown for a subject at the distance of 75 cm and beam steered 3.6o to the 
right. 
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Phased array beam steered 9.9o to the right 

 

 

Parameter Value 

1 BPM % 35.24 % 

2 BPM % 40.77 % 

5 BPM % 49.78 % 

Non-Outlier 
Range 

43.18 BPM 

IQR 11.46 BPM 

STDEV 14.97 BPM 
 

 

Fig.  152. Beam spots shown for a subject at the distance of 75 cm and beam steered 9.9o to the 
right. 

 

67 cm

Center

56.1 cm

22.6 cm

13.1 cm Deflection



  
Texas Tech University, Alexander Boothby, December 2012 

 

 
184 

 

Phased array beam steered 13.3o to the right 

 

 

Parameter Value 

1 BPM % 35.49 % 

2 BPM % 43.34 % 

5 BPM % 56.73 % 

Non-Outlier 
Range 

37.75 BPM 

IQR 9.87 BPM 

STDEV 9.92 BPM 
 

 

Fig.  153. Beam spots shown for a subject at the distance of 75 cm and beam steered 13.3o to the 
right. 
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Phased array beam steered 4.6o to the left 

 

 

Parameter Value 

1 BPM % 66.50 % 

2 BPM % 68.80 % 

5 BPM % 75.57 % 

Non-Outlier 
Range 

4.58 BPM 

IQR 1.35 BPM 

STDEV 5.75 BPM 
 

 

Fig.  154. Beam spots shown for a subject at the distance of 75 cm and beam steered 4.1o to the left. 
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Phased array beam steered 10.1o to the left 

 

 

Parameter Value 

1 BPM % 72.94 % 

2 BPM % 81.16 % 

5 BPM % 94.34 % 

Non-Outlier 
Range 

4.04 BPM 

IQR 1.01 BPM 

STDEV 3.99 BPM 
 

 

Fig.  155. Beam spots shown for subject distance of 75 cm and beam steered 10.1o to the left. 
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Phased array beam steered 14.1o to the left 

 

 

Parameter Value 

1 BPM % 61.80 % 

2 BPM % 69.14 % 

5 BPM % 83.24 % 

Non-Outlier 
Range 

4.03 BPM 

IQR 1.13 BPM 

STDEV 5.18 BPM 
 

 

Fig.  156. Beam spots shown for subject distance of 75 cm and beam steered 14.1o to the left. 
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Comparison of 75 cm Data vs. Angle 

 
Table 19. Tabulation of the preliminary NCVS performance with helical phased array at 75cm. 

Parameter -14.1o -10.1o -4.6o 0o 3.6o 9.9o 13.3o 

1 BPM % 61.80 % 72.94 % 66.50 % 75.40 % 62.90 % 35.24 % 35.49 % 

2 BPM % 69.14 % 81.16 % 68.80 % 79.77 % 68.29 % 40.77 % 43.34 % 

5 BPM % 83.24 % 94.34 % 75.57 % 86.84 % 76.12 % 49.78 % 56.73 % 

Non-Outlier 
Fence-Range 4.03 BPM 4.04 BPM 4.58 BPM 3.03 BPM 5.58 BPM 43.18 BPM 37.75 BPM 

IQR 1.13 BPM 1.01 BPM 1.35 BPM 0.76 BPM 1.39 BPM 11.46 BPM 9.87 BPM 

STDEV 5.18 BPM 3.99 BPM 5.75 BPM 3.91 BPM 5.57 BPM 14.97 BPM 9.92 BPM 
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The 75 cm data shows a similar trend to the 50 cm data, where the signal quality 

seems to be better when the beam is directly toward the left (subject's right) than when 

directed toward the right (subject's left). However, the 1 BPM accuracy, IQR, and the 

standard deviation are best when in the center. This data still displays a trend of the right 

side of the body being slightly better for detecting the heart rate information accurately 

using this particular NCVS design, which is interesting and perplexing.  I will be showing 

the histogram data vs. angle for the 75cm data next, followed by the NCVS data collected 

at 100cm away from the subjects. 

 

 
Fig.  157. Histogram of the 9,000 data point front readings at 75cm (-14.4o steering angle) 
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Fig.  158. Histogram of the 9,000 data point front readings at 75cm (-10.1o steering angle) 

 

 

 
Fig.  159. Histogram of the 9,000 data point front readings at 75cm (-4.6o steering angle) 
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Fig.  160. Histogram of the 9,000 data point front readings at 75cm (0o steering angle) 

 

 

 
Fig.  161. Histogram of the 9,000 data point front readings at 75cm (3.6o steering angle) 
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Fig.  162. Histogram of the 9,000 data point front readings at 75cm (9.9o steering angle) 

 

 

 
Fig.  163. Histogram of the 9,000 data point front readings at 75cm (13.3o steering angle) 
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Beam Spot Locations and NCVS Performance for a Distance of 100 cm 

Phased array beam centered 

 

 

Parameter Value 

1 BPM % 78.97 % 

2 BPM % 85.63 % 

5 BPM % 87.84 % 

Non-Outlier 
Range 

2.43 BPM 

IQR 0.61 BPM 

STDEV 2.81 BPM 
 

 

Fig.  164. Beam spots shown for a subject at the distance of 100 cm and beam centered. 
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Phased array beam steered 3.6o to the right 

 

 

Parameter Value 

1 BPM % 38.07 % 

2 BPM % 53.23 % 

5 BPM % 78.23 % 

Non-Outlier 
Range 

12.50 BPM 

IQR 3.25 BPM 

STDEV 8.69 BPM 
 

 
Fig.  165. Beam spots shown for a subject at the distance of 100 cm and beam steered 3.6o to the 

right. 
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Phased array beam steered 9.9o to the right 

 

 

Parameter Value 

1 BPM % 42.09 % 

2 BPM % 49.47 % 

5 BPM % 51.86 % 

Non-Outlier 
Range 

31.2 BPM 

IQR 8.16 BPM 

STDEV 18.0 BPM 
 

 
Fig.  166. Beam spots shown for a subject at the distance of 100 cm and beam steered 9.9o to the 

right. 
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Phased array beam steered 13.3o to the right 

 

 

Parameter Value 

1 BPM % 24.81 % 

2 BPM % 31.56 % 

5 BPM % 39.33 % 

Non-Outlier 
Range 

42.2 BPM 

IQR 10.7 BPM 

STDEV 14.3 BPM 
 

 

Fig.  167. Beam spots shown for a subject at the distance of 100 cm and beam steered 13.3o to the 
right. 
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Phased array beam steered 4.6o to the left 

 

 

Parameter Value 

1 BPM % 64.34 % 

2 BPM % 69.71 % 

5 BPM % 82.34 % 

Non-Outlier 
Range 

3.07 BPM 

IQR 0.77 BPM 

STDEV 7.71 BPM 
 

 

Fig.  168. Beam spots shown for a subject at the distance of 100 cm and beam steered 4.1o to the 
left. 
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Phased array beam steered 10.1o to the left 

 

 

Parameter Value 

1 BPM % 71.87 % 

2 BPM % 76.65 % 

5 BPM % 80.78 % 

Non-Outlier 
Range 

3.69 BPM 

IQR 0.97 BPM 

STDEV 3.27 BPM 
 

 

Fig.  169. Beam spots shown for subject distance of 100 cm and beam steered 10.1o to the left. 
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Phased array beam steered 14.1o to the left 

 

 

Parameter Value 

1 BPM % 38.75 % 

2 BPM % 51.12 % 

5 BPM % 67.21 % 

Non-Outlier 
Range 

14.28 BPM 

IQR 3.57 BPM 

STDEV 7.71 BPM 
 

 

Fig.  170. Beam spots shown for subject distance of 100 cm and beam steered 14.1o to the left. 
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Comparison of 100 cm Data vs. Angle 

 
Table 20. Tabulation of the preliminary NCVS performance with helical phased array at 100cm. 

Parameter -14.1o -10.1o -4.6o 0o 3.6o 9.9o 13.3o 

1 BPM % 38.75 % 71.87 % 64.34 % 78.97 % 38.07 % 42.09 % 24.81 % 

2 BPM % 51.12 % 76.65 % 69.71 % 85.63 % 53.23 % 49.47 % 31.56 % 

5 BPM % 67.21 % 80.78 % 82.34 % 87.84 % 78.23 % 51.86 % 39.33 % 

Non-Outlier 
Fence-Range 14.28 BPM 3.69 BPM 3.07 BPM 2.43 BPM 12.50 BPM 31.2 BPM 42.2 BPM 

IQR 3.57 BPM 0.97 BPM 0.77 BPM 0.61 BPM 3.25 BPM 8.16 BPM 10.7 BPM 

STDEV 7.71 BPM 3.27 BPM 7.71 BPM 2.81 BPM 8.69 BPM 18.0 BPM 14.3 BPM 
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 For the 100 cm analysis, it is clear that the signal quality degrades as the main 

beam sweeps away from the center of the subject in either direction. However, the vital 

signs accuracy is still considerably better when sweeping toward the left (subject's right 

side), which agrees with both the 50 cm and 75 cm cases. Additionally, this data along 

with the 75 cm case shows a trend for the outliers to appear below, rather than above, the 

reference level. This can be best explained by the fact that the lower respiration 

harmonics are usually stronger than the higher ones, and a large portion of the heart rate 

errors most likely come from the harmonics generated by the respiration movement. 

When this happens, the numerical value recorded for the heart rate becomes an erroneous 

value equal to one of the respiration signal harmonics. In most cases, this occurrence 

results with the outliers appearing to group into clusters on the box plot. We will compare 

the percentage of outliers that are within a certain range of integer multiples of the 

respiration rate when the outliers occur in the near future to understand the harmonic 

effects more to improve the NCVS sensing accuracy. The following pages show 

histogram data for each angle of NCVS data taken at 100cm. 
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Fig.  171. Histogram of the 9,000 data point front readings at 100cm (-14.4o steering angle) 

 

 

Fig.  172. Histogram of the 9,000 data point front readings at 100cm (-10.1o steering angle) 
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Fig.  173. Histogram of the 9,000 data point front readings at 100cm (-4.6o steering angle) 

 

 

Fig.  174. Histogram of the 9,000 data point front readings at 100cm (0o steering angle) 
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Fig.  175. Histogram of the 9,000 data point front readings at 100cm (3.6o steering angle) 

 

 

Fig.  176. Histogram of the 9,000 data point front readings at 100cm (9.9o steering angle) 
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Fig.  177. Histogram of the 9,000 data point front readings at 100cm (13.3o steering angle) 

 

 

Next, it would be interesting to investigate the situation of Doppler NCVS sensing 

where the diaphragm movement caused by respiration is considerable smaller (such as 

measuring from the back of a subject) to see if the heart rate accuracy can be improved.  

We will, therefore, present the measurement data for back measurements next. 
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3.3.1.3 Measured Phased Array Performance While Illuminating at the Back of the 

Subject 

A similar experiment to the one carried out above was performed wherein the phased 

array antennas were directed at the back of the subject for distances of 50 cm, 75 cm, and 

100 cm. In this experiment, the beam was not steered in these readings, but was directed 

at the center line of the spine at a height centered near the bottom of the sternum. 

 

Fig.  178. Diagram of the NCVS antenna and subject configuration for evaluation of the horizontal 
phased array antennas (tested inside an anechoic chamber). Back measurement shown. 

The diagram shown in Fig.  178 is similar to that in Fig.  133, except that the antennas 

are illuminating the back of the subject. This experiment is to evaluate if the NCVS 

sensor with the phased array implemented can still detect the heart rate information 

accurately from the back of the subject as well as the front. The 3 dB beam spot is 

calculated the same way as in the front illumination cases, by projecting the 3 dB beam 

width out from the center of the antenna structure. The same figure style will be used to 

show the illumination area on the back as was used for the front cases. 
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Beam Illuminations on the Back of the Subject 

The 3 dB illuminations (beam spots) for the back-measurement cases are shown in 

the figures below. For the vertical case, the subject is shifted slightly to the left with 

respect to the transmitting phased array, to try and cover as much of the back as possible 

with the TX/RX overlap area, the area where the shortest reflection paths can be made 

between the TX and RX antennas. Also, note that the horizontal/vertical specification 

refers to the orientation of the antenna array, not the illumination area itself. 

Back Illuminations at 50 cm 

       

(a) (b) 

Fig.  179. Beam illumination on the subject back for the 50 cm distance: (a) Horizontal, (b) 
Vertical. 
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Back Illuminations at 75 cm 

67 cm

56.1 cm

22.6 cm

  

(a) (b) 

Fig.  180. Beam illumination on the subject back for the 75 cm distance: (a) Horizontal, (b) 
Vertical. 

Back Illuminations at 100 cm 

  

(a) (b) 

Fig.  181. Beam illumination on the subject back for the 100 cm distance: (a) Horizontal, (b) 
Vertical. 
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Fig.  182. Box plot showing the NCVS performance looking at the subjects back for each distance. 

 

Table 21. Performance Data of the NCVS with Phased Array Facing the Subject's Back 

 50 cm 75 cm 100 cm 

Parameter Horizontal Vertical Horizontal Vertical Horizontal Vertical 

1 BPM % 80.96 % 86.83 % 62.59 % 60.59 % 14.84 % 58.19 % 

2 BPM % 85.18 % 90.79 % 72.92 % 70.03 % 20.86 % 63.61 % 

5 BPM % 90.46 % 94.79 % 80.56 % 79.11 % 35.62 % 70.18 % 

Non-Outlier 
Fence Range 2.68 BPM 2.26 BPM 4.96 BPM 5.30 BPM 62.3 BPM 10.44 BPM 

IQR 0.97 BPM 0.56 BPM 1.47 BPM 1.34 BPM 16.9 BPM 2.93 BPM 

STDEV 3.94 BPM 3.52 BPM 6.08 BPM 5.74 BPM 13.67 BPM 11.49 BPM 
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Fig.  183. Histogram of the 9,000 data point back readings at 50cm (Horizontal) 

 

 

Fig.  184. Histogram of the 9,000 data point back readings at 50cm (Vertical) 
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Fig.  185. Histogram of the 9,000 data point back readings at 75cm (Horizontal) 

 

 

Fig.  186. Histogram of the 9,000 data point back readings at 75cm (Vertical) 
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Fig.  187. Histogram of the 9,000 data point back readings at 100cm (Horizontal) 

 

 

Fig.  188. Histogram of the 9,000 data point back readings at 100cm (Vertical) 
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The results for the back readings show that for the 50 cm case, the accuracy is quite 

good, with the 1 BPM accuracy above 80% in both the horizontal and vertical cases, and 

the 5 BPM accuracy above 90% in both orientations as well. The accuracy for the vertical 

case reaches 94.79% for the 5BPM data, which is the highest % of accuracy of all 

measurement cases collected so far using the Doppler NCVS sensor, and with a very tight 

IQR of 0.56 BPM. Therefore, one suspects that the NCVS measurement from the back 

may have actually reduced the sensing of the respiration movement vs. the traditional 

frontal measurement, therefore increasing the data accuracy [32], However, more data 

needs to be collected to show even better statistics to draw a conclusion to advocate for 

back-measurement. When the distance is increased to 75 cm, the accuracy declines to the 

low 60% range in the 1 BPM accuracy and approximately 80% for the 5 BPM accuracy. 

However, when the distance is increased to 100 cm, the accuracy for the horizontal case 

degrades severely to only 14.8% (1 BPM) and 35.6% (5 BPM). The vertical case also 

sees a slight decline at 100 cm, but is not as severe. The vertical case is a more acceptable 

70% for the 5 BPM accuracy at 100 cm. One explanation for the sharp decrease in the 

horizontal case at 100 cm is that the illumination covers almost the entire back and head 

of the subject, leaving the system more vulnerable to interferences from the subject 

moving or becoming restless. In the cases where the illumination covers a smaller area, 

movements from restlessness would not be as significant compared to a case where all 

parts of the body are being strongly illuminated. Additionally, in the 50 cm distance data, 

the vertically aligned array shows a consistent improvement over the horizontal case in 

all parameters. The 75 cm case does not follow this same trend strongly; however, the 

IQR in the vertical case is slightly better than the IQR of the horizontal case, with the 

other parameters being very close together in value. The cause of the marked increase in 

accuracy between from the horizontal to the vertical case at a distance of 50 cm and at 

100 cm could be similar, but we do not know the exact reasons why vertical cases exhibit 
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better accuracy than the horizontal cases. A possible reason for this difference will be 

explored in the following experiment. 

 Because of the way the antenna radiation covers the subjects back in the previous 

experiment, we explore whether or not we can improve the horizontal (or even vertical) 

monitoring accuracy through means of positioning the antennas so the main radiation 

coverage is centered on the back. The following figures show the beam illumination areas 

on the back of a subject with the receiver antenna adjusted to be centered on the subject. 

Additionally, for the vertical cases, the phased array itself is shifted as well so that both 

the transmitter and receiver illumination are both centered on the back of the body. 

 

       

(a) (b) 

Fig.  189. Adjusted beam illumination on the subjects back for the 50 cm distance: (a) Horizontal, 
(b) Vertical. 
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67 cm

56.1 cm

22.6 cm

 

(a) (b) 

Fig.  190. Adjusted beam illumination on the subjects back for the 75 cm distance: (a) Horizontal, 
(b) Vertical. 

 

  

(a) (b) 

Fig.  191. Adjusted beam illumination on the subjects back for the 100 cm distance: (a) Horizontal, 
(b) Vertical. 
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Fig.  192. Box plot of the NCVS performance from the subjects back with adjusted antenna 

positioning. 

 
Fig.  193. Zoomed box plot of the NCVS performance from the subjects back with adjusted antenna 

positioning. 
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Table 22. Performance Data of the NCVS with Phased Array Facing the Subject's Back and 
Antenna Position Adjusted. 

 50 cm 75 cm 100 cm 

Parameter Horizontal Vertical Horizontal Vertical Horizontal Vertical 

1 BPM % 84.79 % 80.76 % 73.74 % 80.06 % 73.15 % 83.26 % 

2 BPM % 89.68 % 84.40 % 78.02 % 84.16 % 78.48 % 87.97 % 

5 BPM % 95.62 % 88.12 % 87.02 % 90.22 % 83.61 % 90.34 % 

Non-Outlier 
Fence Range 1.92 BPM 2.92 BPM 2.21 BPM 2.28 BPM 2.98 BPM 2.01 BPM 

IQR 0.48 BPM 0.74 BPM 0.55 BPM 0.57 BPM 0.75 BPM 0.51 BPM 

STDEV 1.85 BPM 7.04 BPM 4.07 BPM 4.21 BPM 5.23 BPM 4.64 BPM 

 

It can be seen from this back measurement accuracy data that when the antenna 

positions are adjusted so that the HPBW illuminations are centered on the subjects back, 

the effect of horizontal vs. vertical orientations is no longer present. For the 50cm case, 

the horizontal orientation has better 5 BPM accuracy by about 7.5 %. However, for the 

75cm and 100cm cases, the vertical accuracy is better by 3-6%. From this data, it is also 

clear that when the beam illuminations are focused more on the subject (as opposed to 

shifted as in the first back measurements shown), that the 75cm and 100cm distances 

show much improved accuracy. In fact, for the 100cm horizontal orientation, the 

accuracy jumped from just 14.84% all the way up to 73.15%. This data serves as another 

example of the importance that proper application of antennas has on the performance of 

the NCVS system. It also shows that taking heart rate data from the back can allow for 

much improved accuracy over readings from the front. For example, it can be seen that 

80-95% accuracy can be achieved for the 5 BPM accuracy at measurement distances 

between 50cm and 100cm.  
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Fig.  194. Histogram of the 18,000 data point back readings at 50cm (Horizontal) 

 

 

Fig.  195. Histogram of the 18,000 data point back readings at 50cm (Vertical) 
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Fig.  196. Histogram of the 18,000 data point back readings at 75cm (Horizontal) 

  

 

Fig.  197. Histogram of the 18,000 data point back readings at 75cm (Vertical) 
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Fig.  198. Histogram of the 18,000 data point back readings at 100cm (Horizontal) 

  

 

Fig.  199. Histogram of the 18,000 data point back readings at 100cm (Vertical) 
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3.3.1.4 Statistical Analysis of NCVS Sensor Performance with Phased Arrays for 

Large Sets of Data 

The data shown in Section 3.3.1.1 was an interesting look into the performance 

effects of the phased array of AMHA's within the NCVS system. However, this data was 

a preliminary look into the study because the number of samples taken was relatively 

small (i.e., only 1 reading per subject for each orientation, with 3 subjects total). In this 

section, we present the statistical data for the same experimental variables as in Section 

3.3.1.1 for the 7 steering angles at a distance of 50cm. A distance of 50cm was chosen as 

the primary distance for this statistical study mainly because the majority of our work in 

the past and present has been performed at 50cm, and also the fact that the accuracy of 

the NCVS sensor system can be severely degraded at larger distances, as can be seen in 

the previous sections preliminary data. This enables us to compare the statistical phased 

array performance directly with the performances measured in our previous works [14-

18, 21, 22]. 

 

Table 23. Table of array input phase conditions with actual achieved steering angle 

Array Condition PDM 1 PDM 2 PDM 3 Actual Steering Angle 

1 0o 0o 0o 0o 

2 0o 20o 40o 3.6o 

3 0o 60o 120o 9.9o 

4 0o 90o 180o 13.3o 

5 40o 20o 0o -4.6o 

6 120o 60o 0o -10.1o 

7 180o 90o 0o -14.1o 
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For reference, the phase delay module (PDM) configurations used are shown again here in Table 23. To see 
the projected beam illumination diagrams for the 50cm cases, please see Fig.  136 through  

Fig.  142. The data shown in this section is of 15 readings of 2 minutes each, for each 

steering angle. This gives a total of 105 readings for the 50cm statistical measurements. 

For each steering angle, there are 45,000 samples of data for the analysis, which is the 

same number of samples used in our studies published at the IEEE BioWireleSS 2012 or 

IEEE RWS 2012 for each situational difference [21, 22]. The error for each steering 

angle is calculated by subtracting the wirelessly measured heart rate form the measured 

heart reference using the wearable piezoelectric sensor at each sample point. 

The statistical data analysis for these measurements is shown on the following pages. 

A box plot is shown for a visualization of the accuracy at each steering angle. 

Additionally, because of the quality of the measurements, the box plot data is shown 

again zoomed in to an error range of just -2 to 2 BPM to show a better visual comparison 

of the IQR ranges at each angle. 
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Fig.  200. Box plots showing the measured accuracy of the NCVS sensor with helical phased array 
over different steering angles. 

 

Fig.  201. Box plots from Fig.  200 zoomed in on the IQR markers. 
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Table 24. Tabulated statistical data for the NCVS with helical phased array at 50cm. 

 Steering Angle (degrees from center) 
Statistic -14.4 -10.1 -4.6 0 3.6 9.9 13.3 

1 BPM 
Accuracy 70.8 % 75.0 % 86.5 % 76.3 % 84.3 % 78.2 % 84.1 % 

2 BPM 
Accuracy 77.3 % 79.8 % 89.5 % 80.3 % 86.9 % 82.5 % 86.9 % 

5 BPM 
Accuracy 85.7 % 85.6 % 93.8 % 86.9 % 91.0 % 87.6 % 91.1 % 

IQR 0.74 BPM 0.63 BPM 0.37 BPM 0.49 BPM 0.37 BPM 0.53 BPM 0.43 BPM 

STDEV 4.14 BPM 5.88 BPM 3.44 BPM 3.67 BPM 3.86 BPM 5.52 BPM 3.83 BPM 

 

The accuracy of the NCVS sensor in this statistical study appears to be much more 

stable across the range of steering angles compared to the preliminary data. This is most 

likely due to the fact that there were so few data samples taken for the preliminary study, 

that any slight motion artifacts can easily be an outlier to cause a large disruption in the 

accuracy data. However, when many samples are taken as in this case here, the statistics 

of the measured data become much better. 

It can be seen from the statistical data here, that the accuracy vs. steering angle 

follows a very similar trend to what was seen in the preliminary study (see Table 18). The 

best numbers are highlighted in green for each steering condition, and the -4.6o case still 

presents the best accuracies across the board. Again, as in the preliminary study, this 

suggests that focusing the illumination slightly to the right side of the body provides 

better accuracy results than the other situations. Also, another interesting observation is 

that the IQR is less than 0.75 BPM for all steering cases measured at 50cm. This was not 

the case in the preliminary study for any of the distances. The most likely explanation for 

this very good data for the 50cm case is the fact that the main beam lobe is still mostly 

illuminating the subjects’ chest even at the most extreme angles. 
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From the data in Table 24 and the box plot visualization in Fig.  201, it can be seen 

clearly that when the illuminating beam is steered slightly to the left or to the right of the 

center of the subject, the best heart rate accuracies are achieved (if the data is taken from 

the front of the subject). This effect is also noticeably more significant when the beam is 

steered toward the right side of the subject’s body compared to the case where the beam 

is steered toward the left with a similar angle. This is counter-intuitive since it is common 

knowledge that the human heart is usually situated slightly to the left of center inside the 

thoracic cavity, and therefore one would expect the beam steered closer to the physical 

location of the heart would get better accuracy; however this was not the case.  

We speculate that the accuracy increase where the steered beam a few degrees away 

from the center of the monitored subject is most likely caused by the effects of differing 

tissues type on the transmission and reflection of electromagnetic radiation through the 

body. It is likely that only a small percentage of the phase modulation received by the 

NCVS biosensor during measurements is actually generated by incident waves reflecting 

from the heart organ movements itself inside the body. Studies have shown that the path 

loss due to attenuation in different tissues of the body can cause signals reflected from the 

heart to be attenuated by up to 60 dB by the time they return to the surface of the body 

(skin of the chest in our case) [33]. That study has also shown that the majority of the 

reflected waves contributing to heart rate modulations are reflected from the muscular 

tissues near the surface of the body. A similar study shows that cartilaginous tissue 

accounts for some of the highest measureable attenuation for electromagnetic radiation, 

and this is particularly relevant to the differences between the center vs. the right-side and 

left-side sensing accuracy because much of the sternum is made up of bone and cartilage 

(as opposed to the sides of the chest where more muscle openings between ribs are 

present) [34]. These reports lead us to hypothesize that the heart movement information 

we have gathered from the Doppler sensor is likely not due to the movements from the 
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heart organ reflections inside the body at all but, rather mostly to the motions of the heart 

being superimposed through the layers of various tissues up to the surface of the body. In 

this case, we could assume for our purposes that perhaps the heart movement 

superposition is transmitted more strongly through the muscular tissue in the pectoral 

regions than in the center of the chest where the sternum and cartilage can contribute to 

signal attenuation without providing as adequate of an interface for reflection as the 

muscular tissue does. Therefore, we would see stronger heart-induced motion on the 

reflections near the surface of the body when looking nearer the pectoral muscles rather 

than directly toward the sternum, which agrees with the data collected in this study. The 

reasons for why the data is more accurate when looking to the right side of the body 

rather than to the left are still difficult to ascertain without further study and 

experimentation. At this point we also hypothesize that the secondary reflections from the 

heart movement inside the human body (located at the left side of the body) may have 

slightly worsened the data accuracy as they added more noise-like behaviors on the 

reflected wave phase modulated from the surface of the chest.  When the beam is steered 

toward the right side of the body (i.e., away from the location of the heart), the effects of 

the secondary reflections coming from the heart movement inside the body will be 

diminished, therefore increasing the SNR and make the data accuracy improved further. 

The following pages display histogram plots for the large set of data taken at 50cm vs. 

steering angle. 
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Fig.  202. Histogram of the 45,000 data point front readings at 50cm (-14.4o steering angle) 

 

 

 

Fig.  203. Histogram of the 45,000 data point front readings at 50cm (-10.1o steering angle) 
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Fig.  204. Histogram of the 45,000 data point front readings at 50cm (-4.6o steering angle) 

 

 

 

Fig.  205. Histogram of the 45,000 data point front readings at 50cm (0o steering angle) 
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Fig.  206. Histogram of the 45,000 data point front readings at 50cm (3.6o steering angle) 

 

 

 

Fig.  207. Histogram of the 45,000 data point front readings at 50cm (9.9o steering angle) 
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Fig.  208. Histogram of the 45,000 data point front readings at 50cm (13.3o steering angle) 
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Chapter 4 

Conclusion and Continuation of Research 
 

4.1 Summary of Efforts-to-Date and Analytical Discussions of Results 

The accurate and reliable measurement and communication of human vital signs is 

one of the most important aspects of maintaining an efficient and successful medical 

industry. Recently, a large push in research spending has been happening for the 

development of new wireless vital signs monitoring technologies to aid in the comfort of 

patients while maintaining accuracy and robustness during heavy usage. Research that 

helps improve these technologies is extremely valuable in modern hospitals and assisted 

living environments, as better methods and systems improve the quality of life for the 

patients and hard working healthcare professionals. One of the very interesting and 

important technologies that have been under heavy development is to be able to measure 

respiration and heart rates (two of the very important vital signs statistics, especially the 

heart rates) without the need to physically contacting the body. These technologies can 

greatly improve the comfort of patients being continuously monitored by healthcare 

providers, especially in situations where the physically attached measurement devices can 

cause pain and discomfort to the patient. 

In this thesis I presented a phased array of custom designed and built axial-mode 

helical antennas which is demonstrated while operating with a Doppler radar based non-

contact vital signs (NCVS) sensor which was developed in Professor Donald Lie's 

RF/Analog SoC Lab since 2007. The custom designed helical antennas were designed 

with a novel method of impedance matching, which incorporates a microstrip impedance 

transformer into the ground reflector plane. The microstrip element was demonstrated as 

either a quarter-wave transformer or an L-section stub transformer. Both designs can be 
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easily manufactured onto a PCB substrate and used as the ground reflector for a helical 

antenna. This improves the quality of the antenna designs, while also simultaneously 

matching the impedance and making construction of the antenna an easier process. 

Additionally, the NCVS biosensor system was upgraded from its original design into a 

single PCB based design, which increased the portability and robustness of the system. In 

fact, the specific PCB used in this thesis work was first constructed in the Spring of 2011, 

and it still working with excellent performance to this day. 

The specialized helical antennas were arranged into a 3-element phased array, with 

discrete 50Ω transmission lines as phase delay modules (PDM). These PDM's were made 

with carefully designed physical parameters which allow the user to have static 

(modifiable in between uses) phase control over the phased array elements. The phase 

control ability allowed me to experiment with the NCVS biosensor system while steering 

the main radiation lobe of the antenna array to different positions on the testing subjects. 

Experimental results are presented in Chapter 3 along with a statistical analysis of the 

performance of the NCVS sensing with the phased array using a large amount of 

measurement data at 50cm, which is the primary measurement distance we have used in 

our NCVS work at TTU. 

 

4.2 Notable and Valuable Findings 

The findings presented in the work include novel development in the construction of 

axial-mode helical antennas (AMHA), that its higher directivity outperforms the other 

antennas with the similar gain for NCVS sensing, and also the statistical data collection 

and performance analysis of the NCVS biosensor using a phased array of helical antennas 

taken carefully in an anechoic chamber that has not been reported by any other group in 

the world. 
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It was found that the typical design of an AMHA can be improved by designing the 

impedance matching element into the reflector ground plane but using a copper-clad PCB 

substrate as a basis for the ground plane. One side of the ground plane is left as a solid 

conductive reflector, while the copper on the other side can be etched into a microstrip 

matching element which can convert the impedance of the RF front end system to the 

natural impedance of the helical radiating element. In the case of this work, the 2.4 GHz, 

8-turn helical element presented a natural impedance of 143.7 Ω. It was demonstrated 

that the two matching elements experimented with are capable of transforming that 

impedance down to the typical 50 Ω required by most modern RF circuitry. To be more 

specific, the quarter-wave transformer design provided an antenna input impedance of 

52.8 Ω and the L-section stub transformer provided 49.9 Ω. However, even though the 

impedance match of the L-section transformer was closer to 50Ω at 2.4 GHz, the 

bandwidth of the antenna was greatly reduced from the very wide bandwidth provided by 

the quarter-wave transformer, as was theoretically expected. 

The measurement data taken from the NCVS system using a phased array antenna 

system was also quite interesting. Most ongoing NCVS research has been performed by 

focusing the radiation from the antennas directly at the center of the subject’s chest. It 

was observed in this work that by aiming the radiation slightly to the right side of the 

subjects chest (from the perspective of the subject), the accuracy of our NCVS biosensor 

was slightly improved over the accuracy when aiming directly at the center or to the 

extreme sides of the body. Additionally, it was seen that some of the statistical data 

showed improvements when aimed slightly to the left side of the body as well, but not as 

much of an improvement as the right side.  The results taken at beam illuminating at the 

back of the subjects also showed excellent results than are better than those taken at the 

front of chests, which suggests the respiration movement may be less overwhelming to 

the heart signals when the NCVS sensing is taken at the back to have improved the heart 
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rate accuracy.  The respiration rates taken using NCVS sensor phased arrays have been 

reaching excellent accuracy of over 99% of time. 

4.3 Suggested Areas for Continued Research 

There are a few areas which would be excellent for the continued work in the pursuit 

of developing these technologies, and to gain more knowledge about the intricacies of 

NCVS sensor systems and operation. 

4.3.1 Analysis of harmonic effects on the NCVS accuracy 

As was stated at the end of Section 3.3.1.2, the majority of the outliers seen in the box 

plot analysis during the preliminary study were grouped together in clusters on the lower 

side of the plots. This effect was not as easily seen with a very large amount of data 

points as it was with the preliminary data. This effect suggests that the error outliers are 

generally caused by harmonics from the respiration modulations in the vital signs signal. 

Quite often during measurements, it is observed that very strong harmonics from the 

respiration signal will overpower the heart signal for a period of time, causing a heart rate 

error with respect to the reference sensor. These harmonic rates are typically steady in 

frequency, as is the reference sensor signal. This is most likely what causes the outliers to 

cluster together on the box plots. It is also known that not all of the outliers are caused by 

these harmonic signals, but also by the occasional motion artifact or other means of 

temporary signal disruption (i.e., a sneeze or cough). 

I would suggest that a study be performed in which the pre-existing processed data 

signals are examined for their correlation to the respiration harmonics that would be 

present at the time of an outlier occurring. It would be very beneficial to find out the 

average amount of outlier errors which are caused by respiration harmonics compared to 

the average number that are caused by other disruptions. This could give insights into 
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how much research efforts should be given to try to resolve any one of the problems 

causing issues. 

4.3.2 Steering the phased array beam to detect vital signs at range 

Another very interesting concept that could be developed from the concept of phased 

arrays in NCVS systems would be to use the steering capabilities of the array to find or 

track targets in a larger area than the direct vicinity of the sensor. So far, NCVS research 

has involved measurements from 50cm to up to 2m, and it is found that the accuracy of 

the ranged radar systems are quite sensitive to increasing distances between the sensor 

antennas and the subject, probably due to the degrading SNR. Additionally, the clutter 

noise and motion artifacts from a larger room with multiple subjects would also have an 

adverse affect on the ability of the system to function properly. 

In order to take advantage of a beam-steerable phased array in the far field with an 

NCVS Doppler radar system, either the power output of the system would have to be 

increased for extended range, or the electrical size of the antenna array would need to be 

increased. The directivity of an antenna system is most affected by the electrical size of 

the antenna, electrical size meaning the ratio of the antenna size to the wavelength of the 

signal being used [28]. The problem of clutter noise can only be solved by advanced 

signal processing techniques or by reducing the area coverage of the reflecting radiation. 

At the same time, the range of the NCVS system can be increased by providing more 

power to the transmission CW signal. 

My suggestion for experimentation into this concept would be to first take the current 

3-element phased array antenna system, and provide a power amplifier (PA) to the 

transmitting output of the NCVS system. Experimentation should be performed to see 

how the increased power affects the ranged ability of the system while trying to maintain 

heart rate detection accuracy. It should be noted that the farther the subject is from the 

antennas, the larger the area which is covered by the 3dB beam width of the antennas will 
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be. If clutter noise becomes a problem at increased ranges (which would be expected) 

then increasing the electrical size of the antennas would be a reasonable hardware 

solution. This could include either adding more antenna elements to the existing linear 

array, or expanding it into a planar array, which could have the capability to steer up and 

down as well as left and right, while also increasing directivity. The demonstration of 

tracking patients’ vital signs in their sleep by automatic beam-steering to track the body 

movements naturally happening at night will be realized in our phased array NCVS 

sensor system as well [32].  
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