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DESIGN AND TESTING OF HELICAL ANTENNAS FOR A RF TEST FACILITY 

Mike Young 

Dr. Randy Curry, Dissertation Supervisor 

ABSTRACT 
 

 RF facilities are necessary to accurately and systematically test multiple types of 

electronic devices in an electromagnetically quiet environment.  Typical RF facilities consist of 

an anechoic chamber, a room that shields anything inside from external electromagnetic 

radiation and prevents internal reflections of propagating electromagnetic waves, as well as all 

necessary transmitting and receiving equipment needed for RF testing.   

 Requirements for this specific project called for electromagnetic testing from 500MHz-

4GHz.  Helical antennas were selected as the primary radiating element because of their 

circular polarization.  An additional benefit of helical antennas is that their high gain minimizes 

the amount of input power required to achieve a given field strength level at a specific distance.  

In order to span this frequency range with high gain coverage, 5 classes of helical antennas 

were fabricated around commercial PVC piping.  Due to PVC's high dielectric constant, the 

traveling electromagnetic wave propagates with a slower velocity through the PVC than it 

would through air.  The increased relative permittivity of the PVC changes the instantaneous 

charge distribution along the length of the helix, which reduces the operational frequency of 

the antenna as lower order modes will occur.   

 This paper analyzes the effect that dielectric loading has on helical antennas and 

presents an innovative design change that compensates for the loading.  Traditional design 
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techniques will be compared to the University of Missouri-Columbia's new optimization 

methods.  Increasing the bandwidth of the antennas is accomplished through impedance 

matching techniques.  In order to view two-dimensional polar plots of the antenna's far-field 

pattern, an all composite turntable was constructed and controlled by a custom LabVIEW 

program.  The LabVIEW program simplifies testing of the antennas by automatically controlling 

the turntable, real-time spectrum analyzer, and signal generator based on the user's input 

settings.  The LabVIEW program then automatically calculates and plots the antenna's gain by 

processing the received signal strength through a MATLAB program, both of which were 

written in house.  Two different types of antennas were constructed: a traditional air-core helix 

and a dielectric-loaded helix wound using the new optimization method.  Both the traditional 

antenna and the optimized antenna dielectrically loaded with a piece of PVC were sent away 

for commercial validation.  These test results are then compared against the University of 

Missouri's test results using the newly constructed RF facility.    

 It was shown that MU's optimized method effective in compensating for the dielectric 

loading in the helix antennas compared to traditional design techniques, and that the results 

from its in-house testing methods match up well with both commercially provided 

measurements and CST simulations. 
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1. INTRODUCTION TO RF FACILITIES 
 

 The University of Missouri-Columbia has been actively characterizing as well as 

investigating many unique types of antennas.  The scale of the research project required the 

development of an advanced RF facility.  A typical RF test facility consists of an anechoic 

chamber connected to RF preamplifiers, signal generators, power amplifiers, and real time 

spectrum analyzers capable of transmitting and receiving an electromagnetic wave in an 'RF 

quiet' environment.  While antenna testing may be done outdoors, the results taken will consist 

of the desired data as well as the electromagnetic noise or clutter that is present in the 

environment.  This electromagnetic noise may arise in the form of radio, TV, cell phone, Wi-Fi, 

or other sources of electromagnetic radiation.  While the Federal Communications Commission 

limits transmitting powers of different wavelengths in the electromagnetic spectra, these low 

powered waves inherently interfere with any RF testing done outdoors.  A photo of the 

University of Missouri's anechoic chamber used to test antennas in this thesis is shown below.  

 

Figure 1:  The University of Missouri-Columbia's anechoic chamber 
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 Testing devices within the chamber requires a number of different pieces of equipment.  

A typical setup for testing the gain of an unknown antenna requires the following components: 

 

Figure 2:  Block diagram for basic antenna testing 

 

 Testing begins with a source, often a signal generator or waveform generator.  Typically, 

the generator produces a sinusoidal waveform, which is coupled to the transmit antenna 

through a coaxial cable.  The sinusoidal wave induces time harmonic charge movement in the 

transmit antenna.  The movement of charge excites an electromagnetic wave within the 

chamber, which propagates through free space until it reaches the receive antenna.  The 

receive antenna then converts the energy within the electromagnetic wave back into a time 

harmonic voltage.  The signal is then measured by a real-time spectrum analyzer(RSA), which 

displays the magnitude of the frequency spectrum sampled.  

  The RSA used was a Tektronix RSA6120A and was selected for to its large sampling 

frequency range and its large resolution bandwidth.  An example of the RSA's output is shown 

in Figure 3.  In this particular case the RSA is set to span 110MHz around a center frequency of 

750MHz, thus, displaying the magnitude of the spectrum from 695-805MHz.  Three markers, 

M1, M2, and MR have been placed.  Each displays the magnitude(in decibels) of the spectrum 

at one specific frequency.  The resolution bandwidth (RBW) is set to 1MHz.  Setting an 

appropriate resolution bandwidth is crucial as the RBW controls the size of the FFT and 
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determines the lowest frequency that can be resolved.  A smaller RBW corresponds to a larger 

FFT size.  This allows for more samples, which results in a higher resolution of the signal.  A 

small RBW comes with the trade-off of a longer computation time and a longer sampling time.     

 

Figure 3:  Typical display from a Tektronix RSA6100A scope 
 

 The proper choice of antenna to be used on the program was determined by the 

requirements for the test protocols.  Specifications for the current project called for a circularly 

polarized antenna with very high gain that is also extremely wideband.  This poses an inherent 

problem.  As with many radiating elements, the higher the gain, the lower the bandwidth.  
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While there are multiple types of antennas on the market that offer modest gains over a wide 

range of frequencies, the decision was made to use antennas with higher gain at the expense of 

bandwidth.  This decision was brought about by the fact that the required minimum 

transmitting power levels for the final system were unknown.  An antenna with a high gain 

would reduce the size of the power amplifiers used to excite it, keeping the final physical size of 

the system to a minimum.  Therefore, helical antennas were chosen as they are a good 

compromise between the gain/bandwidth tradeoff.   

 In order to minimize costs, various helical antennas were designed, constructed, and 

tested.  It will be shown that the addition of a dielectric within the core of the radiating helix 

significantly affects its properties and its radiation behavior.  This fact will be demonstrated 

later in this paper, and methods to overcome the effects of the dielectric-loading will be 

presented.  

 The primary goal of this research was to design and construct an adaptable RF facility 

capable of accurately testing custom-designed helical antennas in an 'RF quiet' environment.  

The following chapters present the design steps necessary to realize this goal, with the main 

focus being on advanced helical antenna development.  Research on how to construct helical 

antennas around a high dielectric core will be presented and results on how to reduce their 

physical size, maximize their gain, and increase their bandwidth will be discussed. 

 A general background on antenna theory is provided.  It is necessary to understand how 

antennas operate in order comprehend the design constraints and challenges that arose from 
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the conceptual phase to the final implementation of the antennas.  Following the presentation 

of general antenna theory is an overview of the operation of helical antennas. 

 The guiding formulas used to construct helical antennas, presented in Chapter 3, are 

then implemented in Chapter 4 to design, simulate, and construct various classes of helical 

antennas.  The fabricated helical antennas were sent away for commercial testing in order to 

compare their performance with their design.  The results of these tests are carefully compared 

in Chapter 5 with the University of Missouri-Columbia's results tested in house.   Finally, the 

conclusions of this thesis are presented in Chapter 6. 
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2. ANTENNA BACKGROUND 
 

 This chapter is designed to give a background in antenna theory.  This information will 

aid in comprehending the design steps of helical antennas described later on in Chapter 4, as 

well as aid in interpreting the calculated results in Chapter 5.   

 An antenna is defined by the IEEE Standard Definition of Terms for Antennas as "the 

part of a transmitting or receiving system which is designed to radiate or to receive 

electromagnetic waves" [1].  A transmitting antenna converts oscillating electric current into 

electromagnetic radiation, while a receiving antenna converts electromagnetic radiation into a 

time harmonic current.  Antennas are typically utilized for transmitting and receiving 

electromagnetic radiation within the frequency range of a few kilohertz to one hundred 

gigahertz.  This frequency range covers the bands most commonly used in everyday 

communication systems such as cell phones, radio and television broadcasting, radar systems, 

WIFI, Bluetooth, spaced based communications, as well as many others. 

  Transmission typically begins at a source, such as a waveform generator.  The generator 

excites a traveling wave, which is coupled to the antenna via a waveguide or a transmission 

line.  Once the wave reaches the antenna, the antenna radiates the wave into free space.  

Losses are always incurred along the way.  Transmission lines have both dielectric losses, 

resistive losses, as well as reflection losses at the interface between the transmission line and 

the antenna due to impedance mismatch.  For a well-designed antenna with an impedance-

matching circuit designed around its resonant frequency, these losses can minimized.  A main 
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goal of designing an antenna is to maximize the radiation efficiency, and is accomplished by 

ideally radiating one hundred percent of the incident power in a designated direction.   

2.1   Radiation Mechanism  
  

 In order to explain how an antenna generates its electromagnetic fields, it is helpful to 

examine the behavior of moving charge within the antenna.  Examining an infinitely thin 

conducting wire of length l, the current in the wire I  is given by the equation 

                                                              𝑰𝑰𝒛𝒛 = 𝒒𝒒𝒍𝒍𝒗𝒗𝒛𝒛                              2.1 

where ql (coulombs/m2)is the charge density per unit length and vz (meters/sec) is the velocity 

of the moving charge.  If the current is traveling through the wire in the positive z direction and 

Iz is time varying, then the derivative of the current is expressed as 

                                                        𝒅𝒅𝑰𝑰𝒛𝒛
𝒅𝒅𝒅𝒅

= 𝒒𝒒𝒍𝒍
𝒅𝒅𝒗𝒗𝒛𝒛
𝒅𝒅𝒅𝒅

=  𝒒𝒒𝒍𝒍𝒂𝒂𝒛𝒛                                                2.2 

     

where 𝒅𝒅𝒗𝒗𝒛𝒛
𝒅𝒅𝒅𝒅

 is the acceleration of the electrons, 𝒂𝒂𝒛𝒛, within the wire.  Using the same wire of 

length l,  equation 2.2 can be re-written as  

                                                                 𝒍𝒍 𝒅𝒅𝑰𝑰𝒛𝒛𝒅𝒅𝒅𝒅 = 𝒍𝒍𝒒𝒒𝒍𝒍
𝒅𝒅𝒗𝒗𝒛𝒛
𝒅𝒅𝒅𝒅 =  𝒍𝒍𝒒𝒒𝒍𝒍𝒂𝒂𝒛𝒛                                            2.3 

 

 

 Equation 2.3 states that a time-varying current, or an acceleration or deceleration of 

charge is needed for radiation.  It is this principle on which all antennas work, as for example, a 

radiating element connected to a sinusoidal power supply.  When connected to a sinusoidal 
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power supply, the direction of the current in the antenna changes in a time-harmonic motion as 

the amplitude of the applied voltage oscillates from positive to negative.  In this case, electrons 

move back and forth in the wire, satisfying the condition needed in order to produce 

electromagnetic radiation.  Radiation may also occur if the charge is moving with a constant 

velocity, given that the wire in which the charge is moving is either curved, bent, discontinuous, 

or terminated [2].      

 As an example, consider the operation of a dipole antenna.  A dipole antenna consists of 

two conducting wires that are positioned parallel and in line with each other with a small 

spacing between them.  The length of each conducting element in a half-wave dipole is λ/4, 

placed in line with each other for a total length of λ/2 [3].  The wires are then fed at the center 

with a signal source.  When excited with a sinusoidal voltage source, the voltage and current 

relationships are as shown in Figure 4. 

 

Figure 4:  The basic half-wave dipole antenna  [4] 

 The above figure illustrates the magnitude(y-axis) of the current and voltage along the 

length of the dipole antenna(x-axis).  At the feed point, the current is at a maximum where the 

voltage is at a minimum.  The image above is shown for a sinusoidal voltage source at time t=0.  
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At increasing time steps, the magnitude of the current will begin to decline until t= 1
4
 T (with T 

being the period of the waveform), at which point it will equal 0.  From t= 1
4
 T until t= 1

2
 T, the 

current distribution will again begin to increase, but with a negative magnitude.  This process 

repeats itself in reverse until t=T.   

 The electric field that propagates as a result of the distribution within the antenna is 

illustrated on the next page in Figure 5.  As can be seen from the application of a sinusoidal 

voltage of period T, the electric-field lines during the first quarter period point from one edge of 

the dipole to the other as charge density begins to grow.  The electric field lines move and 

extend outward in free space with the first initial wave traveling a total distance of λ/4.  The 

resulting field lines from T=0 until t= 1
4
 T appear as they do in Figure 5(a).  During the next 

quarter period, from t= 1
4
 T until t= 1

2
 T , the charge density beings to diminish as the applied 

voltage falls from its maximum value at t= 1
4
 T to zero at t= 1

2
 T.  During this time the field lines 

reverse direction, while still traveling outward in free space.  At this point in time the field lines 

are visualized in Figure 5(b).  The radiation of fields from the dipole antenna creates the true 

radiating fields of Figure 5(c).  This figure represents field lines in free space at time t= 1
2
 T.   

While there are only three field lines sketched in each direction in Figure 5, these three lines 

are a convenient visualization of the direction of the electric field vectors at any given point in 

free space.   Figure 5 represents the first half period of an applied sinusoidal voltage.  The final 

pattern is omnidirectional, and would appear like a donut placed over the dipole itself.  This can 

be visualized if the pattern of Figure 5(c) was swept 360 degrees around the dipole.   
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Figure 5:  Formation and detachment of electric field lines for short dipole [5] 

 

2.2  Radiation Patterns 

 The radiation pattern of an antenna is "the spatial distribution of a quantity that 

characterizes the electromagnetic field generated by an antenna" [1].  Simply put, it is the 

visualized three-dimensional radiation pattern of the antenna.  The radiation pattern takes into 

account many properties discussed later in this chapter, such as power flux density, radiation 
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intensity, directivity, phase, polarization, and field strength [1].  The radiation pattern is most 

easily viewed in a three-dimensional coordinate system shown below in Figure 6.  Plots may 

also be viewed in two-dimensional form as a projection of a three-dimensional quantity onto a  

two-dimensional plane.  These plots are typically shown in logarithmic form, but may also be 

viewed in linear form.  

 

Figure 6: The three-dimensional antenna coordinate system [6] 
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 Figure 7 shows an example of a two-dimensional polar plot of the magnitude of a three 

dimensional far-field pattern.  In order to generate the two dimensional plot, phi was varied 

from 0° to ±180° around the xy-plane where theta = 90°.  This effectively plots  the surface of 

the projection onto the xy-plane.  

 

Figure 7:  The two-dimensional polar plot of Figure 6 
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 There are three classifications of distinct antenna patterns: isotropic, directional, and 

omnidirectional.  An isotropic radiator is defined as a "hypothetical, lossless antenna having 

equal radiation in all directions" [1].  While this is an ideal antenna for many applications, it 

does not exist in reality.  An antenna that produces the closest radiation pattern to that of an 

ideal isotropic radiator is the omnidirectional antenna. 

 An omnidirectional antenna is "an antenna having an essentially non-directional pattern 

in one plane of the antenna and a directional pattern in an orthogonal plane" [1].  Viewed in 

three dimensional form, the radiation pattern of omnidirectional antennas radiate as seen 

below in Figure 8.  Antennas of this type are useful for broadcasting in all directions, such as a 

wireless router where the user may be positioned anywhere around the router itself.   

 

Figure 8:  The three-dimensional omnidirectional pattern of a dipole antenna 
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2.3 Field Regions 
  

 As an antenna radiates into free space, the antenna's field properties change with the 

distance from the antenna.  This distance is separated into three field regions.  The field regions 

are: reactive near-field region, radiating near-field (Fresnel) region, and far-field (Fraunhofer) 

region.  These field regions are used to describe the behavior of the electromagnetic fields.  In 

some regions, magnetic field properties dominate, while, in another region, the field exhibits a 

completely different behavior.  These regions are always measured as a function of distance 

from the antenna to the observer in units of the wavelength of the radiation. 

 The simplest field to describe analytically is the far-field region.  The far-field can be 

described as "the region of the field of an antenna where the angular field distribution is 

essentially independent of the distance from a specified point in the antenna region" [1].  

Antenna properties are assumed to be in the far-field unless explicitly expressed otherwise.  

The distance from the antenna where the far-field region begins depends on the dimension of 

the antenna and the wavelength of its radiation.  The defined distance describing where the 

far-field begins varies from one reference to another, but the generally accepted rule requires 

all three of the following conditions must be satisfied: [7]  

                                                                   𝑹𝑹 > 𝟐𝟐𝑫𝑫𝟐𝟐

𝝀𝝀
          𝐑𝐑 ≫ 𝝀𝝀          𝑹𝑹 ≫ 𝑫𝑫                                  2.4 

where D is the largest dimension of the radiating element and R is the distance from it.  For 

helical antennas, D is taken to be the axial length of the helix.    
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Figure 9:  The reactive-near, radiating-near, and far-field regions [8] 
 

 The reactive near-field region is defined as the region "immediately surrounding the 

antenna, wherein the reactive field predominates" [1].   In the reactive near-field, either the E 

or H field may dominate at one point, and the other may dominate at another point that is a 

very small fraction a wavelength away.  This makes calculating the received signal strength in 

this region extremely difficult and it is best to not operate within this region when taking 

measurements.  The reactive near-field immediately surrounds the antenna and changes into 

the radiative near-field at the distance given by equation 2.5 [8] with the terms D and λ being in 

meters. 
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                                                                 �𝐃𝐃
𝟐𝟐𝟐𝟐

𝐃𝐃
𝟐𝟐

+ 𝟐𝟐                                                      2.5 

 Between the Fraunhofer far-field region and the reactive-near field region lies the 

Fresnel radiating near-field region.  This region lies at a distance between equations 2.4 and 2.5.  

It is described as "the portion of the near-field region of an antenna between the far-field and 

the reactive portion of the near-field region, wherein the angular field distribution is dependent 

upon the distance from the antenna" [1].  In this region, field amplitudes still varies as a 

function of distance of the antenna, but varies less rapidly with distance than the reactive 

near-field region. 

2.4    Power Density 
 

 An electromagnetic wave traveling through space has both an electric field intensity E in 

(v/m), and a magnetic field intensity H in (A/m).  These intensities are complex, with the real 

part representing real power, and the complex part representing reactive or stored power.  The 

Poynting vector is used to describe the directional energy flux density of an electromagnetic 

field and is shown in equation 2.6 [9] 

                                                                                                     𝑺𝑺 = 𝑬𝑬 𝐗𝐗 𝑯𝑯                                                  2.6 

where S is the instantaneous Poynting vector (W/m2).  The total power over a closed surface  is 

found by integrating the Poynting vector over the entire surface.  This is represented by the 

following equation [10], 

                                                𝑷𝑷 = ∯ 𝑺𝑺𝑺𝑺 ⋅ 𝒅𝒅𝒅𝒅 =  ∯ 𝑺𝑺 ⋅ 𝒏𝒏 �𝒅𝒅𝒂𝒂,𝑺𝑺                                2.7 
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where P is the instantaneous total power in watts.  The electromagnetic fields are time-varying, 

given by equations 2.8 and 2.9. 

                                         𝑬𝑬(𝒙𝒙,𝒚𝒚, 𝒛𝒛; 𝒅𝒅) = 𝑹𝑹𝑹𝑹[𝑬𝑬(𝒙𝒙,𝒚𝒚, 𝒛𝒛)𝑹𝑹𝒋𝒋𝒋𝒋𝒅𝒅]                                 2.8 

                                             𝑯𝑯(𝒙𝒙,𝒚𝒚, 𝒛𝒛; 𝒅𝒅) = 𝑹𝑹𝑹𝑹[𝑯𝑯(𝒙𝒙,𝒚𝒚, 𝒛𝒛)𝑹𝑹𝒋𝒋𝒋𝒋𝒅𝒅]                                 2.9                    

Using the known identity 𝑅𝑅𝑅𝑅�𝐴𝐴𝑅𝑅𝑗𝑗𝜔𝜔𝑡𝑡� =  1
2
�𝐴𝐴𝑅𝑅𝑗𝑗𝜔𝜔𝑡𝑡 + 𝐴𝐴∗𝑅𝑅−𝑗𝑗𝜔𝜔𝑡𝑡� for an arbitrary complex number A 

and its complex conjugate A*, equation 2.6 can be re-written as:  

                               𝑺𝑺 = 𝑬𝑬 𝐗𝐗 𝑯𝑯 =  𝟏𝟏
𝟐𝟐
𝑹𝑹𝑹𝑹[𝑬𝑬 𝐗𝐗 𝑯𝑯∗] + 𝟏𝟏

𝟐𝟐
𝑹𝑹𝑹𝑹[𝑬𝑬 𝐗𝐗 𝑯𝑯𝑹𝑹𝒋𝒋𝟐𝟐𝒋𝒋𝒅𝒅]                    2.10 

The first term of equation 2.10 is not a function of time, and the time variations of the second 

term are twice the given frequency [5].  Averaged over time, this term goes to zero.  Due to this 

term, the time average power density Poynting vector can now be written as: 

                                          𝑺𝑺𝒂𝒂𝒗𝒗(𝒙𝒙,𝒚𝒚, 𝒛𝒛) =  𝟏𝟏
𝟐𝟐
𝑹𝑹𝑹𝑹[𝑬𝑬 𝐗𝐗 𝑯𝑯∗] (W/m2)                              2.11 

where H* is the conjugate of the complex number H.  This means that H* has the same real 

part as H, but has an imaginary part of equal magnitude with an opposite sign [11].  Inserting 

equation 2.11 into equation 2.7 yields the average power radiated by an antenna, and is 

expressed as equation 2.12 [5]. 

                                               𝑷𝑷𝒓𝒓𝒂𝒂𝒅𝒅 = 𝟏𝟏
𝟐𝟐∯ 𝑹𝑹𝑹𝑹(𝑬𝑬 𝑿𝑿 𝑺𝑺 𝑯𝑯∗) ⋅ 𝒅𝒅𝒅𝒅                                   2.12 

This equation describes the power radiated by an antenna over a given surface.  For anisotropic 

antennas, the integral is usually taken over the top half of a sphere, or over the half-power 

beamwidth of the main lobe.  In the case of isotropic antennas, the radiated power is often 

integrated over the entire sphere in free space.   
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 Equation 2.12 is used to solve for another important antenna parameter, radiation 

intensity.  Radiation intensity is defined as "the power radiated from an antenna per unit solid 

angle" [1].  The radiation intensity of an antenna is always measured in the far-field.  In 

equation form, the radiation intensity is the radiation density multiplied by the square of the 

distance from the antenna r in meters, and is defined as [12] 

                                                                  𝑼𝑼 = 𝒓𝒓𝟐𝟐𝑺𝑺𝒂𝒂𝒗𝒗                                                   2.13 

where U is the radiation intensity in watts/unit solid angle. 

 

2.5    Beamwidth 
 

 The term beamwidth is another far-field parameter that helps to describe the 

directionality of the main lobe of an antenna.  When describing beamwidth, it is often assumed 

that the Half-Power Beamwidth (HPBW) is being discussed.  The half-power beamwidth is 

defined as the "radiation pattern cut containing the direction of the maximum of a lobe, the 

angle between the two directions in which the radiation intensity is one-half the maximum 

value" [1].  The half-power beamwidth is found by setting the normalized radiation intensity 

U(Θ) of antenna equal to half of its maximum and solving for theta.   

 Another type of beamwidth is the first-null beamwidth (FNBW), which is the "angular 

difference between the first null on each side of the main beam" [13].  Typically, the first-null 

beamwidth is double the value of the half-power beamwidth.  A polar plot describing the 

difference between the half-power beamwidth and the first-null beamwidth is found on the 

next page in Figure 10. 
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Figure 10:  Example of half-power beamwidth and first-null beamwidth [13] 

 

2.6    Directivity 
 

 Directivity is defined as "the ratio of intensity in a given direction from the antenna to 

the radiation intensity averaged over all directions" [1].  The averaged radiation intensity is 
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simply the antenna's radiated power divided by 4π.  The mathematical form of directivity for 

any given direction is a unitless number given in equation 2.14 [14]. 

                                                                 𝑫𝑫 = 𝟒𝟒𝟒𝟒𝟒𝟒
𝑷𝑷𝒓𝒓𝒂𝒂𝒅𝒅

                                                        2.14 

  Directivity plots for anisotropic antennas typically have distinct lobes, as in the plot on 

the previous page in Figure 10.  The main lobes are described as the direction of maximum 

radiation intensity, and are equal to the direction of maximum radiation intensity divided by 

the radiated power, or equation 2.15 [15]. 

                                                                 𝑫𝑫𝒎𝒎𝒂𝒂𝒙𝒙 = 𝟒𝟒𝟒𝟒𝟒𝟒𝐦𝐦𝐦𝐦𝐦𝐦
𝑷𝑷𝒓𝒓𝒂𝒂𝒅𝒅

                                             2.15 

 To clarify, directivity is a term applied to anisotropic sources.  For isotropic sources, 

because their power is radiated evenly in all directions, their directivity is simply unity.  For 

symmetrical radiation patterns, the HPBW is the same in any given plane.  For nonsymmetrical 

HPBW's,  the directivity can be approximated as equation 2.16 [16]. 

                                                                 𝑫𝑫 = 𝟒𝟒𝟒𝟒
𝚯𝚯𝟏𝟏𝟏𝟏∅𝟐𝟐𝟏𝟏

                                                      2.16 

where 𝜣𝜣𝟏𝟏𝒓𝒓 and ∅𝟐𝟐𝒓𝒓 are the HPBW's in radians in both the theta and phi plane [5].  Other 

approximations for directivity have been made, but this one is taken to be the simplest and 

most straightforward [17].  

2.7    Efficiency 
 

 Radiation efficiency is defined as "the ratio of the total power radiated by an antenna to 

the net power accepted by the antenna from the connected transmitter" [1].  The total 
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efficiency of an antenna is the sum of all of the efficiencies encountered.  Losses from the 

source to the radiator include conduction losses, dielectric losses, and reflection losses [18].  

The total efficiency of an antenna is found by multiplying all of the individual losses together, 

and is shown in equation 2.17 [19]. 

                                               𝑹𝑹𝟎𝟎 = 𝑹𝑹𝒄𝒄𝑹𝑹𝒅𝒅𝑹𝑹𝒓𝒓 = 𝑹𝑹𝒄𝒄𝒅𝒅(𝟏𝟏 − |𝚪𝚪|𝟐𝟐)                                     2.17 

where 𝑹𝑹𝟎𝟎 is the total efficiency, 𝑹𝑹𝒄𝒄 is the conduction efficiency, 𝑹𝑹𝒅𝒅 is the dielectric efficiency, 

and 𝑹𝑹𝒓𝒓 is the reflection efficiency [20].  For most purposes, 𝑹𝑹𝒄𝒄 and 𝑹𝑹𝒅𝒅 are taken to be unity, as 

their true values are often hard to compute and typically end up being close to unity for a 

simple antenna.  The term 𝜞𝜞 is the voltage reflection coefficient at the input terminal of the 

antenna and is given by [21] 

                                                                          𝚪𝚪 = 𝐙𝐙𝐢𝐢𝐢𝐢−𝐙𝐙𝟎𝟎
𝐙𝐙𝐢𝐢𝐢𝐢+𝐙𝐙𝟎𝟎

                                                               2.18 

where Zin is the input impedance of the antenna and Z0 is the characteristic impedance of the 

transmission line (typically 50 Ω). 

2.8    Gain 
 

 Gain is one of the more frequently used terms to describe the performance of an 

antenna and is closely related to directivity.  While directivity and gain are terms based on the 

magnitude of the radiated power pattern, gain takes into account the antenna's efficiency while 

directivity does not.  Gain is defined as "the ratio of the radiation intensity in a given direction, 

to the radiation intensity that would be obtained if the power accepted by the antenna were 

radiated isotropically" [1].  It is noted that gain does not include losses arising from impedance 
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and polarization mismatches.  In the ideal case where the antenna is without dissipative losses, 

the gain of the antenna is equal to its directivity in any given direction.  Gain can be expressed 

in mathematical form as shown in equation 2.19 [22]. 

                                𝑮𝑮 = 𝟒𝟒𝟒𝟒𝐌𝐌𝐦𝐦𝐦𝐦𝐢𝐢𝐦𝐦𝐌𝐌𝐦𝐦 𝐑𝐑𝐦𝐦𝐑𝐑𝐢𝐢𝐦𝐦𝐑𝐑𝐢𝐢𝐑𝐑𝐢𝐢 𝐈𝐈𝐢𝐢𝐑𝐑𝐈𝐈𝐢𝐢𝐈𝐈𝐢𝐢𝐑𝐑𝐈𝐈
𝐓𝐓𝐑𝐑𝐑𝐑𝐦𝐦𝐓𝐓 𝐈𝐈𝐢𝐢𝐈𝐈𝐌𝐌𝐑𝐑 𝐏𝐏𝐑𝐑𝐏𝐏𝐈𝐈𝟏𝟏

=  𝟒𝟒𝟒𝟒 𝟒𝟒(𝛉𝛉,∅)
𝐏𝐏𝐢𝐢𝐢𝐢

                      2.19 

 

2.9    Realized Gain  
  

 While gain is the standard term of reference for one aspect of an antenna's 

performance, realized gain is actually a better description as it includes the overall efficiency of 

the antenna.  Realized gain is defined as "the gain of an antenna reduced by the losses due to 

mismatch of the antenna input impedance to a specified impedance" [1].  Realized gain also 

includes dielectric losses, but does not reference losses due to polarization mismatch between 

two antennas in a complete system.  The term realized gain is extremely important as it is the 

gain seen in the final system.  While the gain of an antenna may appear to be impressive, once 

all losses are taken into account the final realized gain can turn out to be quite poor.  By 

utilizing the losses defined in (2.17), the realized gain can be defined as  

                                                                  𝑮𝑮𝒓𝒓 = 𝑹𝑹𝟎𝟎𝑮𝑮                                                     2.20 

which is simply the gain multiplied by the losses.  
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2.10    Polarization  
 

 The polarization of an antenna refers to the polarization of the wave transmitted by the 

antenna in a given direction.  The polarization of the wave radiated by the antenna is defined as 

"a point in the far-field of an antenna where the radiated wave can be represented by a plane 

wave whose electric field strength is the same as that of the wave and whose direction of 

propagation is in the radial direction from the antenna" [1]. 

 Polarization can be described in terms of the wave radiated from the transmit antenna, 

or in terms of the wave incoming into the receive antenna.  The polarization of a receiving 

antenna is defined as "the polarization of a plane wave, incident from a given direction and 

having a given power flux density, which results in a maximum available power at the antenna 

terminals" [1].   For a radiating antenna, the polarization is defined as "In a specified direction 

from the antenna and at a point in its far-field, the polarization of the plane wave which is used 

to represent the radiated wave at that point" [1].   

 There are three different types of polarization.  A wave may be classified as being 

linearly, circularly, or elliptically polarized.  If the vector describing the magnitude of the electric 

field at any point in space as a function of time moves linearly along a single plane, the field is 

said to be linearly polarized.  If the radial component of the vector changes constantly as a 

function of time, then the wave is said to be circularly polarized.  If the same vector travels in 

an elliptical fashion, then the field is said to be elliptically polarized.  A circular wave travels 

forward in space through time in the same motion as a spinning bullet shot from a gun.  Much 

like the bullet, a circularly polarized electromagnetic wave travels forward along a given path 
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while its field vectors rotate along its axis.  A circularly or elliptically polarized wave may be 

classified as being either right-hand polarized or left-hand polarized.  The terms right hand and 

left hand refer to the direction of rotation of the electric field vector.  If the direction of rotation 

is counterclockwise, the wave is defined as left hand polarized.  If the direction of rotation is 

clockwise, the wave is defined as right hand polarized.  

  It is very important to note that for a propagating circularly or elliptically polarized 

wave, the apparent polarization of the wave when viewed from the outgoing direction of 

propagation is the exact opposite as if it were viewed from the incoming direction.  As in the 

spinning bullet example, the person shooting the bullet would view it as traveling away and 

spinning to the left.  The unfortunate receiver of the bullet, would view it as traveling towards 

and spinning to the right.  When defining the polarization of a wave, the polarization of the 

wave is always described as observed along the direction of propagation.  This is a standard 

used to avoid confusion in the example stated above.   

 

2.11 Friis Transmission Equation 
 

 The Friis transmission equation is a formula used to calculate the power received at one 

antenna from another antenna transmitting at a known power level.  In its ideal form, ignoring 

all losses, the Friis transmission equation can be approximated as [23] 

                                                          𝑷𝑷𝒓𝒓
𝑷𝑷𝒅𝒅

= 𝑮𝑮𝒅𝒅𝑮𝑮𝒓𝒓( 𝝀𝝀
𝟒𝟒𝝅𝝅𝑹𝑹

)𝟐𝟐                                                 2.21 
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where Pr and Pt are the received and transmitted powers in watts, Gr and Gt are the linear 

gains of the receiver and transmitter respectively, lambda is the wavelength in meters, and R is 

the distance between the two antennas in meters.  The Friis transmission equation is only valid 

in the far-field when with R > 𝟐𝟐𝑫𝑫
𝟐𝟐

𝝀𝝀  [24].   

 In the non-ideal case, all losses must be taken into account.  Including for the effects of 

antenna misalignment, polarization mismatch, impedance mismatch, and absorption, equation 

2.21 becomes [5] 

                        𝑷𝑷𝒓𝒓
𝑷𝑷𝒅𝒅

=  𝑹𝑹𝟎𝟎𝒅𝒅𝑹𝑹𝟎𝟎𝒓𝒓𝑮𝑮𝒅𝒅(𝜽𝜽𝒅𝒅,∅𝒅𝒅)𝑮𝑮𝒓𝒓(𝜽𝜽𝒓𝒓,∅𝒓𝒓) � 𝝀𝝀
𝟒𝟒𝝅𝝅𝑹𝑹

�
𝟐𝟐

|𝒑𝒑�𝒅𝒅 ∙ 𝒑𝒑�𝒓𝒓|𝟐𝟐𝑹𝑹−𝜶𝜶𝑹𝑹               2.22 

Where Pt and Pr are the transmitted and received powers in watts, 𝑹𝑹𝟎𝟎𝒅𝒅  and 𝑹𝑹𝟎𝟎𝒓𝒓  are the transmitter 

and receiver efficiencies, Gt and Gr are the linear gain of the transmit and the receive antennas 

in the theta and phi direction, λ is the wavelength in meters, R is the separation distance in 

meters, 𝒑𝒑�𝒅𝒅 and 𝒑𝒑�𝒓𝒓 are the polarization vectors of the transmit and receive antennas, and α is 

the absorption coefficient of the medium between the antennas.  If the polarizations of the two 

antennas are the same, then 𝒑𝒑�𝒅𝒅 and 𝒑𝒑�𝒓𝒓 are both equal to one.  If one antenna is linearly 

polarized and the other is circularly polarized, the value of 𝒑𝒑�𝒅𝒅 ∙ 𝒑𝒑�𝒓𝒓 is 1/2.  The Friis transmission 

equation is useful in measuring the gain of an unknown antenna by radiating it into an antenna 

whose gain is known.   

2.12  Radar Cross Section 
 

 A useful tool in determining either the range to an object or the cross sectional area of 

an object is the radar range equation.  The radar cross section of an object is the hypothetical 
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area required to intercept a transmitted power density such that if the total intercepted power 

were reradiated isotropically, it would produce a given power density at a receiver [25].  The 

larger the radar cross section, the more easily the target is detected, since a larger portion of 

the incident wave is reflected back to a receiver.  There are a number of factors that determine 

how much of the incident RF is reflected back, such as angle of incidence, material composition, 

and physical size.  In equation form, the radar cross section of an object is [26] 

                                                     𝝈𝝈 = 𝐓𝐓𝐢𝐢𝐦𝐦𝑹𝑹→∞[𝟒𝟒𝝅𝝅𝑹𝑹𝟐𝟐 |𝑬𝑬𝒅𝒅|𝟐𝟐

�𝑬𝑬𝒊𝒊�𝟐𝟐
]                                     2.23 

where sigma is the radar cross section in meters squared, R is the range to the target in meters, 

and Es and Ei are the scattered and incident electric fields in volts/meter respectively. 

2.13 Radar Range Equation 

 
 The radar range equation describes the relationship between the transmitted power 

and the power received after the incident wave has been scattered by a target with a radar 

cross section (σ).  In its simplest form (assuming no losses and matched polarization between 

receive and transmit antennas), the radar range equation is written as [27] 

                                                            𝑷𝑷𝒓𝒓
𝑷𝑷𝒅𝒅

= 𝛔𝛔𝐆𝐆𝐑𝐑𝐆𝐆𝟏𝟏𝝀𝝀𝟐𝟐

(𝟒𝟒𝟒𝟒)𝟑𝟑𝐑𝐑𝐑𝐑𝟐𝟐𝐑𝐑𝟏𝟏𝟐𝟐
                                                  2.24 

where Pt and Pr are the transmit and receive power levels, Gt and Gr represent the linear gains 

of the transmit and receive antennas, and Rt and Rr are the distances in meters from the target 

to the transmit and receive antennas.  Accounting for losses, equation 2.24 becomes [5] 

                                    𝑷𝑷𝒓𝒓
𝑷𝑷𝒅𝒅

= 𝑹𝑹𝟎𝟎𝒅𝒅𝐈𝐈𝟎𝟎𝟏𝟏𝛔𝛔
𝐃𝐃𝐑𝐑(𝛉𝛉𝐑𝐑,∅𝐑𝐑)𝐃𝐃𝟏𝟏(𝛉𝛉𝟏𝟏,∅𝟏𝟏)

𝟒𝟒𝟒𝟒
� 𝝀𝝀
𝟒𝟒𝟒𝟒𝐑𝐑𝟏𝟏𝐑𝐑𝟐𝟐

�
𝟐𝟐

|𝒑𝒑�𝒅𝒅 ∙ 𝒑𝒑�𝒓𝒓|𝟐𝟐             2.25 
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where 𝑫𝑫𝒅𝒅(𝜽𝜽𝒅𝒅,∅𝒅𝒅) and 𝑫𝑫𝒓𝒓(𝜽𝜽𝒓𝒓,∅𝒓𝒓)are the directivities of the transmit and receive antennas. 

 

2.14  S11 and VSWR 
 

 In order for a source to efficiently deliver power to an antenna, the impedance of the 

source, transmission line, and antenna must be well-matched.  The term VSWR stands for 

Voltage Standing Wave Ratio, and is a measurement describing the power reflected from the 

antenna, and is related to the S11 by the relation: 

                                                                   𝑽𝑽𝑺𝑺𝑽𝑽𝑹𝑹 =  𝟏𝟏+ |𝑺𝑺𝟏𝟏𝟏𝟏|
𝟏𝟏−|𝑺𝑺𝟏𝟏𝟏𝟏|

                                                     2.26 

where S11 is the ratio between the reflected and incident power of a one port network and is 

defined as: 

                                                                 𝑺𝑺𝟏𝟏𝟏𝟏 =  𝑽𝑽𝟏𝟏
−

𝑽𝑽𝟏𝟏
+                                                      2.27  

𝑉𝑉1
− is the magnitude of the reflected voltage and 𝑉𝑉1

+ is the magnitude of the incident voltage.   

 

Table 2-1:  Return loss (S11) and VSWR relationship [28] 
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 Table 2-1 displays the S11 and VSWR relationship and defines the performance level for 

a range of values.  The usable frequency range of an antenna for acceptable performance use is 

commonly defined as the range where the S11 value is better than -10 dB[29].  This is an 

important definition that is commonly referred to later in this thesis.   

 Typical S11 parameters for an antenna will look like the following, with good matching at 

the center frequency and multiples of the center frequency. 

 

Figure 11: Example of typical S11 parameters for an antenna 
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3. HELICAL ANTENNAS 
 

 A major undertaking in the setup of an adaptable RF facility was the design and 

construction of multiple helical antennas to be used in an anechoic chamber for both the 

transmitting and receiving of RF signals.  Various antenna types were considered for the 

project, but helical antennas were chosen for a number of reasons.  Specifications for the 

research to be carried out within the RF test facility called for a circularly polarized antenna 

with very high gain that is also extremely wideband.  This poses an inherent problem.  As with 

all radiating elements, the higher the gain, the lower the bandwidth [30].  While there are 

multiple types of antennas on the market that offer modest gains over a wide range of 

frequencies, the decision was made to use antennas with extremely high gain at the expense of 

bandwidth, in order to minimize the size of the power delivery system.  This in effect narrowed 

the choice to two antenna types: horns and helicals.   

 Compact horn antennas prove to have a relatively flat gain over a wide range of 

frequencies.  While convenient, their gain often proves to be relatively small.  Helical antennas, 

while also wideband, have high gains around their center frequency.  Due to the fact that 

helicals have a high gain and they radiate a circularly polarized wave while horns radiate a 

linearly polarized wave, helicals were chosen as the primary radiating element.   

 In order to achieve the same working range of frequencies as a single horn antenna, 

multiple helical antennas needed to be constructed.  This would allow for the test operator to 

choose the operating frequency, and connect the proper antenna for each frequency.   
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3.1    Introduction to Helical Antennas 
 

 Helical antennas were first described by Kraus in 1947 [31] and are commonly used for 

transmitting/receiving data in line-of-sight networks such as ground-to-satellite communication 

systems.  A typical helical antenna consists of a single conductor wound into a coil that is 

attached to a large ground plane.   While conventional helical antennas typically have a uniform 

pitch angle, coil spacing, and coil diameter, in order to achieve unique design goals they may 

also have curved ground planes [32], pitch angles that vary as a function of length [33], as well 

as variable circumferences [34].      

 The geometry of a typical helical antenna is shown in Figure 12.  Common parameters of 

helical antennas used in this chapter are defined as follows with lengths being given in meters: 

   C = Circumference of the helix = π*D 

   D = Diameter of the helix 

   N = Number of turns 

   S = Gap spacing in-between turns = 𝑪𝑪 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡(𝜶𝜶) 

   L = Length of one turn 

   α = Pitch angle =  𝑡𝑡𝑡𝑡𝑡𝑡−1( 𝑺𝑺
𝜋𝜋∗𝑫𝑫

) 

   A = Axial Length = N*S 

   Sg = Spacing from ground plate to the beginning of the helix's first turn 
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 The properties of helical antennas have been known for years, but are difficult to 

analyze and derive.  Even so, good approximations have been made over the years from 

experimental analysis.  A helical antenna can be best approximated as a combination of two 

basic radiating elements; a linear antenna and a loop antenna [35].  If one loop of the helical 

shown in red on the figure on the next page was unwound, a wire of length L would be left.  

The pitch angle, or angle of inclination of the spiral is designated as α,  the circumference of the 

spiral C is equal to π*D, where D is the diameter of the spiral if viewed from above.  If the pitch 

angle were increased to 90° then the coil would be stretched out into a rod, also known as a 

linear antenna [5].  On the other hand, as the pitch angle decreases all the way to 0°, the coil 

becomes more and more compressed until it becomes a simple a loop antenna [5].  The 

properties of a helical antenna can be described as an approximation of everything between 

the minimum and maximum pitch angle α, or a mixture of linear and loop antenna theory [36].  

The radiation characteristics of a helical antenna can be controlled by varying its geometry, 

which in turn changes the mode and subsequently the bandwidth over which the antenna 

operates.   
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Figure 12:  Helical antenna geometry 
   

3.2    Modes of Operation 
 

 The term 'mode' refers to the pattern of the oscillating electromagnetic waves radiated 

by the antenna.  The term 'transverse mode,' describes the particular field pattern of the beam 

of an electromagnetic radiator measured on a plane perpendicular (i.e. transverse) to the 

beam's direction of propagation.   

 Helical antennas have two main modes of radiation; the normal mode and the axial 

mode.  These two modes describe the predominant direction of propagation of the antenna's 

three-dimensional radiation pattern.  In the normal mode, the antenna radiates normal to the 

direction of the axis of the helix and the magnitude of the three-dimensional far-field pattern 

appears toroidal shaped around the axis of the helix.  In the axial mode, the antenna becomes 
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extremely directional, with the magnitude of the three-dimensional far-field pattern being 

greatest along the axis of the helix.   

3.2.1     Helical Transmission Modes 
  

 An infinitely long helical antenna can be modeled as an infinitely long transmission line 

or waveguide that supports a finite number of modes.  The term "transmission mode" is used 

to describe the manner in which an electromagnetic wave propagates along the helix, while the 

term "radiation mode" is used to describe the shape of the far-field radiation pattern generated 

by the helix.   The lowest order mode, T0, is called the normal mode and occurs when the 

length of one turn of the helix is significantly smaller than its operational wavelength.  In this 

mode, groupings of positive and negative charges appear along the length of the coil and are 

separated by a large number of turns as shown in Figure 13(a).  Such a large distance between 

groupings of opposite charges along the coil orient the field lines normal to the axis of the coil.  

As the charge groupings quickly propagate along the length of the conductor, the resulting field 

pattern is omnidirectional, radiating in every direction perpendicular to the axis of the coil. 

 

Figure 13:  Instantaneous charge distribution for transmission modes:  (a) The lowest order mode 
T0(normal mode); (b) The first order mode T1(axial mode)   [37] 
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 The second  most easily described mode is the first order transmission mode, called the 

axial mode which is designated T1.  This mode occurs when the circumference of the helix is on 

the order of one wavelength.  When the pitch angle is on the order of around 13 degrees, the 

instantaneous charge distribution yields areas of positive and negative charges at opposite 

sides of each turn as demonstrated in Figure 13(b).  In this mode the electric field lines are 

oriented down and around the length of the coil and the main beam is at a maximum along the 

direction of the helix's axis.      

3.2.2    Normal Mode 
 

 The normal mode occurs when the direction of radiation is at a maximum normal to the 

axis of the helix and occurs when the length of one turn of the helix is significantly smaller than 

the design wavelength (L<< λ) [38].  In this mode the far-field radiates as a doughnut pattern 

around the axis of the helix as shown in Figure 14.  In general, the radiated field is elliptically 

polarized.  The small size of normal mode helical antennas makes them very narrowband with a 

low radiation efficiency .   

 

Figure 14:  Normal mode helix operation 
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 Due to the small overall dimensions of the normal mode helix compared to its 

operational wavelength, analysis of the antenna in this mode is based on a uniform current 

distribution over the length of the helix as well as a far-field pattern that is independent of the 

number of turns.  As previously explained, helical antennas are an approximation of loop and 

linear antenna theory with the equivalent model shown below in Figure 15.   

 

Figure 15:  Equivalent model a helical antenna consisting of small loops and short dipoles connected in 
series 

 

 Since operation in the normal mode is independent of the number of turns, it is also 

independent of the number of loops and dipoles.  Therefore, its operation can be described as 

the sum of the fields radiated by a single small loop of radius D and a short dipole of length S 

and is given by equation 3.1 [39], 

                                               𝑬𝑬���⃑ = 𝒋𝒋𝒋𝒋 𝒌𝒌𝑰𝑰𝟎𝟎𝑹𝑹−𝒋𝒋𝒌𝒌𝒓𝒓

𝟒𝟒𝝅𝝅𝒓𝒓
 𝐈𝐈𝐢𝐢𝐢𝐢𝜽𝜽(𝑺𝑺𝜽𝜽� − 𝒋𝒋 𝝅𝝅

𝟐𝟐𝑫𝑫𝟐𝟐

𝟐𝟐𝝀𝝀
 𝝓𝝓�)                                 3.1 
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where 𝒌𝒌 = 𝟐𝟐𝟒𝟒
𝟐𝟐  is the propagation constant, 𝜂𝜂 = �𝝁𝝁

𝜺𝜺
 is the medium's intrinsic impedance, and I0 

is the current amplitude.  As seen in the above equation, both the 𝜽𝜽 and the ϕ components of 

the electric field are in phase quadrature.  In the normal mode, the polarization is typically 

elliptical with an axial ratio given by [15] 

                                                        𝑨𝑨𝑹𝑹 = |𝑬𝑬𝛉𝛉|
�𝑬𝑬𝛟𝛟�

=  𝟐𝟐𝑺𝑺𝝀𝝀
𝝅𝝅𝟐𝟐𝑫𝑫𝟐𝟐

                                                   3.2 

where 𝑬𝑬𝜽𝜽 and EΦ are the magnitudes of the electric field (V/m) in the theta and phi directions.  

In the case of Figure 15, when AR=0, 𝑬𝑬𝜽𝜽=0, the structure behaves like a loop antenna and  

yields a vertically polarized wave.  Conversely, when AR=∞ , 𝑬𝑬𝝓𝝓=0, the structure behaves like a 

dipole antenna and the wave becomes horizontally polarized.  A normal mode helix will have 

circular polarization when AR=1.  Solving for equation 3.2, this condition is met if the diameter 

of the helix and the spacing between turns have the relationship given by equation 3.3 [15]. 

                                                                   𝑪𝑪 = √𝟐𝟐𝑺𝑺𝝀𝝀                                                     3.3 

When the dimensions of the helix satisfy the above relation, the radiated field is circularly 

polarized in the plane perpendicular to the axis of the helix. 

3.2.3    Axial Mode 
 

 The axial mode occurs when the length of one turn of the helix is on the order of the 

design wavelength (L = λ) and the pitch angle is on the order of thirteen degrees [38].  This 

configuration yields a spacing between turns of S= λ/4.  In the axial mode the maximum 

radiation intensity occurs along the axis of the helix and most of the power is radiated within 

one major lobe as seen below in Figure 16.    
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Figure 16:  Axial mode helical operation 
 The natural impedance of an axial mode is almost purely resistive with typical input 

impedances of around 120-140 Ω.  Based on measurements by Kraus, the governing empirical 

formula for calculating the input impedance of axial mode helicals is [31] 

                                                                       𝑹𝑹 = 𝟏𝟏𝟒𝟒𝟎𝟎�𝑪𝑪
𝝀𝝀
�                                         3.4 

  The input impedance is strongly affected by the geometry of the feed.  Using the typical 

relation C= 𝝀𝝀, where C is the circumference of the helix in meters and λ is the wavelength in 

meters, R can be taken to be approximately 140 Ω.  Antenna's fabricated at the University of 

Missouri-Columbia have shown this value to typically be lower, usually around 125 Ω.   

 The half-power beamwidth for the axial mode is given by the empirical formula [31] 

                                            𝑯𝑯𝑷𝑷𝑯𝑯𝑽𝑽(𝒅𝒅𝑹𝑹𝒅𝒅𝒓𝒓𝑹𝑹𝑹𝑹𝒅𝒅) = 𝟓𝟓𝟐𝟐𝝀𝝀𝟎𝟎
𝟑𝟑
𝟐𝟐�

𝑪𝑪√𝑵𝑵∗𝑺𝑺
                                         3.5  

which yields the half power (-3 dB) points of the main lobe's radiation power pattern.  Finally 

another important component of the axial mode helical antenna is its directivity, given by [29]. 
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                                                                    𝑫𝑫 = 𝟏𝟏𝟓𝟓 𝑪𝑪𝟐𝟐𝑵𝑵𝑺𝑺
𝝀𝝀𝟎𝟎
𝟑𝟑                                              3.6 

Assuming that the helix is lossless, the directivity and gain expressions are approximately the 

same.  The previous three empirical formulas given above were estimates based on 

experiments by Kraus[31].  Recently, in 1980, King and Wong have developed even more 

accurate expressions based on a large number of tests [40].  While accurate, their newly 

derived expressions are quite complicated, and thus not necessary for everyday applications.  

  

3.3    Performance Optimization 
 

 Many numerical studies have been carried out in order to maximize a helical antenna's 

performance by maximizing gain, increasing directivity, or making the antenna more wideband.  

Many of these studies only confirmed Kraus's original findings.  Table 3-1 below summarizes the 

constraints for optimizing the performance of an axial mode helix antenna. 

Parameter Range 

Circumference (meters) 3
4
𝜆𝜆 <  𝐶𝐶 <

4
3
𝜆𝜆 

Pitch Angle (degrees) 11° < α < 14° 

Number of Turns (unitless) N > 3 

Wire Diameter (meters) .005 < 𝑑𝑑
𝜆𝜆
 < .05 

Ground Plane Diameter (meters) Dg > 1
2
𝜆𝜆  

Spacing to the first turn (meters) Sg ≈ .12 𝜆𝜆 

Table 3-1:  Optimal helical antenna parameters 
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3.3.1    Maximum Gain   
 

 Other than proper input impedance matching, a crucial design parameter towards 

maximizing the gain of a helical antenna is its length, A.  At low A, and therefore at a low 

number of turns, N, the axial ratio of the antenna becomes very large.  This yields a low gain as 

the main beam becomes very broad and the power radiates over a larger area than a helical 

with a narrow beamwidth.  For a large axial length A, and large number of turns N, the axial 

ratio is low and the majority of the power radiates over a much narrower beamwidth, resulting 

in a higher gain at a given circumference C.  The calculated gain of a helical antenna is a 

function of its normalized length.  A graph of measured gain vs. normalized length 

(axial length/circumference) is presented below in Figure 17.  

 

Figure 17:  The maximum antenna gain as a function of the normalized antenna length [41] 
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 As can be seen from the above graph, if the circumference of the antenna is held 

constant, the gain of the antenna increases as the antenna's normalized length increases.  For 

antennas with a large number of turns (N > 10) and therefore a large length A, the expected 

gain can be quite large compared to that of a short helix with a relatively low number of turns.   

3.3.2 Optimal Circumference 
 

 For helical antennas, the antennas length independent of its circumference, and only 

dependent upon the number of turns.  Typical design parameters use a circumference on the 

order of one wavelength.  As can be seen in Figure 18, the maximum gain occurs when the 

circumference is approximately 1.05 𝝀𝝀 < 𝑪𝑪 < 1.15 𝝀𝝀 .  Once the circumference is increased 

past this point, the gain falls off rather sharply, leaving little room for design error.   The 

maximum gain occurs in this region due to the instantaneous charge distribution occurring 

uniformly along the axial length of the helix, as previously shown in Figure 13.  
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Figure 18:  Gain vs. length and turn radius, with turn spacing .24 lambda [42] 

 

3.3.3 Optimal Ground Plane  
 

 Typical ground planes must have a diameter of at least 𝜆𝜆
2
 [31], and are typically taken to 

be either squares or circles, with not much difference in gain between the two geometries.  

Four distinct ground plane configurations have been proposed and are shown below [32].  They 

are: (a)infinite ground plane (b)square ground plane (c) cylindrical cup and (d) optimal 

truncated cone 
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Figure 19:  Helical antenna above (a) infinite ground plane, (b) square conductor, (c) cylindrical cup, 
and (d) truncated cone  [32] 
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Figure 20:  Gain for various shapes of the ground conductors shown in Figure 19 [32] 

 

 Figure 20 plots the gains for a single helical antenna with multiple types of ground 

planes whose dimensions were optimized for maximum gain using computer codes.  It can be 

easily seen that a truncated cone design yields the highest gain.  This is due to the fact that the 

conical ground conductor improves the axial ratio and minimizes the magnitude of sidelobes 

compared to that of a helical antenna with a square ground plane.  This specific enhancement is 
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caused because the cone itself acts not only like a reflecting plate, but also like a horn antenna, 

which has its own radiation pattern that constructively complements the natural radiation 

pattern of the helix [32].  Further studies confirm this fact [43].  The most recent studies yield 

values of D1 = 0.75λ, D2 = 2.5λ and h = 0.5λ for the optimal dimensions of the truncated cone 

ground plate whose geometry is given in Figure 19 (d) [32].   
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4. HELICAL  ANTENNA  DESIGN 
 

 Preliminary requirements for the program called for testing within the frequency range 

of approximately 500 MHz-4 GHz.  Currently there is not a single helical antenna with a 

bandwidth this large, so it was decided that an array of multiple helical antennas would be 

constructed, each with its own center frequency and bandwidth.  The combined array is 

designed to span this frequency band.  Since the center frequency of the antenna is dependent 

on the diameter of the helix, multiple helices with different diameters were constructed.  In 

order to cover from 500 MHz to 4 GHz, a total of 5 separate antennas were needed for optimal 

performance.  If the test operator were operating at 1 GHz, and wished to operate at 3 GHz, 

then a simple swap of antennas would allow for this change.  Table 4-1 below outlines the 

different diameters, center frequencies, wavelengths, and effective operational bandwidths of 

the helicals constructed in this thesis. 

 

Table 4-1:  Overview of the different size helix antennas to be constructed in order to cover the entire 
frequency range. 

 

Label Center 
Frequency, 
Fc  

Low End  
(𝟑𝟑
𝟒𝟒
 Fc) 

High End 
(𝟒𝟒
𝟑𝟑
 Fc) 

λ Diameter # Turns Pitch 
Angle 
(⁰) 

C.B. 918 MHz 688 MHz 1.224 GHz 0.359 m 4.0 in 12 13.0 

F 1.01 GHz 757.5 MHz 1.346 GHz 0.2394 m 3.0 in 14 8.7 

G 1.50 GHz 1.125 GHz 2.0 GHz 0.1595 m 2.0 in 20 8.7 

H 1.85 GHz 1.3875 GHz 2.466 GHz 0.1197 m 1.5 in 25 8.7 

J 2.61 GHz 1.957 GHz 3.48 GHz 0.0798 m 1.0 in 36 8.7 
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4.1    Initial Simulation 
 

 The antennas were first designed on paper and then simulated in a program called CST 

Microwave Studio in order to verify the functionality of their design.  All CAD design was 

performed using CST's internal CAD software, which turned out to be simple and intuitive to 

use for antenna design.   

 

Figure 21:  CST CAD helix geometry 

 

 The initial planning was to build the antennas on polyvinyl chloride (PVC) pipe.  

Accordingly, the diameters of the helices in Table 4-1 correspond with standardized PVC pipe 

sizes.  To begin with, a simple air-core 4.5 inch diameter helical shown above was simulated.  All 

designs followed Krauss's formulas given in Chapter 3, and utilized a pitch angle of 13 degrees 

with C/λ=1.  This specific 4.5in diameter helical will have a center frequency of 835 MHz.  All 
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calculations for the initial simulation were first done by hand in a notebook.  The resulting 

geometries were then constructed in CAD and simulated with CST Microwave Studio.   

 Simulations were performed using the transient solver.  Simulation parameters included 

setting the design accuracy to -60 dB, source type to Port1 Mode1, with a normalized fixed 

impedance of 140 Ω.   The antenna was not analyzed through a frequency sweep, as sweeping 

dramatically increases the simulation time.  Also, sweeping the frequency in the 2009 version of 

CST disables the manual setup of decoupling planes, which later proves to be important for 

proper simulation of the ground plane.  Rather than sweeping over the frequency range, 

samples were taken in 50 MHz steps over a 1 GHz range around the center design frequency.  

Upon completion of the transient solver, a decoupling plane was manually set up on the ground 

reflector in order to aid CST's automatic decoupling detection.  This step was necessary in order 

to eliminate major backlobes caused by improper decoupling plane recognition.   

 The results of the first simulation matched up well with expectations.  Figure 22 shows 

the directivity profile of the antenna at 850 MHz.  As can be seen, most of the energy radiates 

in the positive z direction with all of the sidelobes more than 8 dB below the main lobe. 
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Figure 22:  The directivity profile at 850 MHz of a  4.5" diameter air-core helical model  

 

 

Figure 23:  The polar form of the directivity profile shown above 
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 In polar form, it can easily be seen that minor sidelobes appear at +/- 45 degrees in the 

theta direction and continue from 0 to 360 degrees in the phi direction.  The simulation yields a 

directivity of 13.4 dB with a beamwidth of 33.1 degrees.  Calculated values for the directivity 

and beamwidth are 16.858 dB and 28.8 degrees respectively for this 14 turn antenna.  The 3D 

and polar gain profiles for the helix antenna appear to differ by less than 1% from the 3D and 

polar directivity profiles shown in Figure 22 and Figure 23. 

 The values in the bottom left hand corner of  Figure 22 represent the output parameters 

for the respective plot.  For this particular simulation, the output is a far-field approximation.  

The monitor ff_850.000 represents the user definer frequency for the program to monitor, in 

this case 850 MHz.  The plot output is of the directivity of the antenna at the far-field monitor's 

frequency of 850 MHz.  The radiation efficiency and total efficiency are calculated in dB, where 

a value of 0 dB corresponds to a linear value of 1, and a value of -3 dB corresponds to a linear 

value of 0.5.  For this particular simulation, CST calculated the radiation efficiency, which is the 

ratio of the power radiated by the antenna divided by the input power to the antenna, to be 

.02295 dB, or about 100% when converted to linear form.  The total efficiency, which is the 

radiation efficiency multiplied by the impedance mismatch loss, was calculated to be -2.068 dB, 

or 62.1% in linear form.  
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4.2    First Build 
 

 The first helical was built around a standard dimension 4.0" (4.0" inner diameter with 

4.5" outer diameter) PVC pipe.  The antenna was constructed based on the design parameters 

listed in the previous section (Sec. 4.1.) with slight modifications for optimization of the 

antenna parameters.  The build used the same pitch angle of 13 degrees that yielded a 

successful simulation in the previous section.  In solving for the diameter, one cannot simply 

take the diameter D to be 4.5", as 4.5" is the outer diameter of the PVC without the added bulk 

of the conducting coil.  In essence, 4.5" would not constitute the actual radiating diameter of 

the final product.  The outer diameter of the pipe was measured with a micrometer and 

confirmed to be 4.5."  This value in addition to the  3/16" copper tubing used to wrap the helix 

brings the final diameter D to 4.6875" as measured from the center of the copper conductors.  

Solving for lambda yields 374.04 mm, or 802 MHz.  For a pitch angle of 13°, the spacing 

between turns, which determines how tightly or loosely the helix is wound was found to be 

0.0863 m.  The distance from the beginning of the first turn of the helix to the ground plane, Sg, 

was calculated to be 44.88 mm.     

 Construction of the antenna began by first cutting the proper length of PVC.  Next, two 

parallel lines were drawn down the length of the PVC, one on each side (180° apart).  One side 

was marked as the top, and the other as the bottom.  From the bottom side, the proper spacing 

from the ground plane, Sg, was marked.  From this point, location of each turn was marked 

along the length of the PVC.  The commercially available 3/16" copper plumbers pipe was used 

to wrap the PVC.  This was accomplished by taking two workbenches of equal height, spreading 
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them apart, and then securing the PVC between them to each end with C-clamps.  Having the 

PVC tightly secured allowed for easy winding of the helix.   The 3/16" copper piping was chosen 

as the diameter of the radiating wire for two reasons.  First, it ensures that the antenna's 

bandwidth was not being limited by the use of too small of a radiating wire.  Second, copper 

plumbers pipe is a material easily available at local hardware stores and the fact that it is hollow 

makes it easier to bend than a solid wire.  Once the pipe was wound, the copper pipe was 

temporarily secured to each end of the PVC with plier clamps.  A generous amount of PVC glue 

was applied in order to secure the copper to the PVC pipe.  Once dry, the wound PVC pipe was 

secured to a brass ground plane.  This was accomplished by cutting a cylindrical piece of wood 

out of particle board, and plugging the bottom end of the PVC with it (much like a cork in a 

bottle).  A hole was drilled through the middle of the brass reflector plate as well as the PVC 

cork, and the two were secured together using a bolt.  The copper windings were connected to 

a type-N connector that was soldered to the back end of the brass reflector plate.   

 Soldering copper to brass is no easy challenge.  In order to accomplish this, a blow torch 

was first used to heat both the type-N connector and the brass to a high enough temperature 

to melt the solder and make an adequate connection.  A torch was used since typical soldering 

irons/guns will not work as they are not powerful enough to raise such a large area of brass to a 

sufficiently high temperature.  A 550 watt soldering iron was purchased from the company 

'American Beauty' to replace the torch, and was found to provide better soldering results.  The 

completed antenna is shown below in Figure 24.  The antenna was then measured and its S11 

parameters are shown in Figure 25. 
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Figure 24:  First PVC build 

 

 

Figure 25.  S11 parameters of first 4.0" PVC helical build 
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 Sweeping from 0 to 1 GHz, it is seen that the center frequency does not appear at 

802 MHz, as designed.  Rather, the S11 parameters imply a center design frequency of 

approximately 485 MHz.  This is nearly half of the intended design frequency.  Something is 

clearly influencing the operation of the antenna as the experimental results do not match up 

well with their corresponding simulations.  Upon inspection, the culprit turned out to be the 

dielectric constant of the PVC pipe used to wrap the helix.  Due to the PVC's permittivity value 

being higher than one, the PVC slows the velocity of the traveling electromagnetic wave.  As a 

consequence, it lowers the antenna's operational frequency.  It has been documented that if a 

dielectric is introduced into the path of a propagating wave, the wave will undergo a frequency 

downshift that is proportional to the square root of the dielectric constant of the material it 

interacts with.  In the PVC's case, a datasheet for the specific PVC purchased could not be 

found.  An attempt was made to measure the dielectric constant of the PVC, but due to the 

curvature of the pipe, making good contact with the flat dielectric probe proved to be 

impossible.  This is because the probe only made contact with a small tangent portion of the 

round PVC, which gave inaccurate measurements for the dielectric constant as the probe was 

sampling more air than PVC.  Instead, dielectric constants for commercial PVC pipes were 

found.  The dielectric values for typical PVC varied from approximately εr=2 to 4.  In the first 

antenna build there was a downshift in center frequency from 802 MHz to 485 MHz.  This 

translates into an estimated dielectric constant of εr=2.73, which would be within the normal 

range for PVC permittivity values.   

 In order to confirm that the PVC was in fact influencing the antenna, a second antenna 

was built around a cardboard core.  Ideally, a pure air-core helical would be best in order to 
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compare the results of a loaded to non loaded core, but the coil windings do need some sort of 

structural support in one form or another.  Cardboard was chosen as it has an extremely low 

dielectric constant as the majority of the cardboard consists of air and wood fibers.    

 A four inch diameter cardboard tube was easily available to us.  Wrapping the antenna 

with the same 3/16" copper plumbers pipe again changes the effective outer diameter to 

104.76mm.  Using the same design steps as the previous antenna around a slightly smaller core 

yielded an antenna with a gap spacing of 2.969", a 1.41" spacing from the ground plane to the 

beginning of the first turn, and a center frequency of 918.2 MHz.  The nearly 100 MHz higher 

operational frequency from the first PVC build described earlier is again due to the fact that the 

cardboard core has a 1/2" smaller outer diameter.  The cardboard core helical was constructed 

and is shown on the next page in Figure 26.  The antenna's S11 parameters were measured and 

shown in Figure 27. 

 

Figure 26:  Picture of the cardboard core antenna designed for 918 MHz 
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Figure 27:  S11 parameters of the new cardboard core antenna designed for 918 MHz 
   

 As can be seen from the S11 parameters shown above, there is no longer a downshift in 

center frequency.  The center frequency rests slightly above the design goal of 918 MHz.  The 

S11 parameters are less than -10 dB from 945 MHz to 1 GHz.  The discrepancy from the designed 

frequency of 918 MHz to the measured center frequency of 945 MHz can be fine tuned by 

varying the capacitance spacing Sg between the ground plane and the beginning of the first 

turn.   

 Comparing the results of the S11 parameters of the PVC build to the cardboard build, it 

can easily be seen that dielectric loading of the core is greatly influencing the antenna's center  

frequency.  
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4.3    Dielectric-Loaded CST Simulations 
 

 In order to further verify the effect of introducing a dielectric within the core of the 

helix, another simulation was run that more accurately modeled the constructed PVC antenna.  

The new CAD schematic in Figure 28 is an updated version of the first 4.5" air-core simulation of 

Chapter 4.1.  The only change being the addition of the green PVC core.  Its dielectric constant 

was set to εr=2.73 and was assumed to be lossless.  The simulation was re-calculated over the 

same frequency range and the far-field patterns were examined at the high and low end of its 

frequency band.   

 

Figure 28.  Updated CAD model of Figure 21 that now includes a PVC tube with εr=2.73 
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Figure 29:  4.5" Air-core helical at 850 MHz from Chapter 4.1 
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Figure 30.  4.5" dielectric-loaded Helical at 850 MHz 

 

 Comparing the far-field pattern of Figure 29 to that of Figure 30, the effect of the 

introduction of the high dielectric material can easily be seen.  Figure 29 is the original air-core 

helical simulation designed for 835 MHz.  As can be seen, the main lobe is uniform at its center 

frequency of 850 MHz.  Figure 30 is the new far-field pattern of the antenna in Figure 29 after 

the introduction of the PVC tube.  This new addition clearly changed the properties of the 

expected far-field pattern.  The pattern has a wider main lobe along the z-axis, the maximum 

gain has fallen by over 4 dB, and the radiation efficiency has decreased slightly.  Further 

decreases in gain and in efficiency can be expected in real world applications as the PVC in the 
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simulation was modeled as lossless.  The addition of the dielectric PVC shifted the center 

frequency of the antenna below 850 MHz, with the graph of Figure 30 now representing the 

directivity plot at the antenna's upper frequency limit.  Ultimately, this verifies that there has 

been a downshift in the operational frequency of the antenna. 

 

4.4    Design Modifications 
 

 The dielectric loading factor necessitated adjusting the design to accurately build a 

dielectric-loaded helical antenna around a given center frequency.  For example, it has been 

shown earlier that a 4.5" air-core helical max maximum radiation at 802 MHz.  One design 

option for constructing a dielectric-loaded helical that also operates at 802 MHz is to reduce the 

diameter of the dielectric-loaded antenna.  Since the operational frequency is diameter 

dependant, a smaller diameter core will result in a higher operational frequency, compensating 

for the reduced frequency of the dielectric loading. 

 Elaborating on this example, constructing a 802 MHz antenna is possible by using either 

a 4.5" air-core, or a 2.8" dielectric core.  This is because an air-core 2.8" helix has a center 

frequency of 1.32 GHz and loading this same antenna with a piece of 2.8" diameter PVC with a 

dielectric constant of εr=2.73 would yield an antenna that radiates at 802 MHz, as the original 

air-core design frequency of 1.32 GHz would be shifted down by √2.73 to 802 MHz.   

 The second option, and the option that was chosen, was to optimize the design using 

Krauss's equations by reducing both the turns spacing and spacing from the ground plane to 
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accommodate the newly introduced dielectric.  What resulted was a shorter antenna built 

around the same diameter piece of PVC.   

 In freespace, the wave traveling down the helix has a velocity factor of around 0.95.  

When a flat tape is used as the helix on a plastic pipe, the velocity factor of the line is closer to 

0.6. This greatly changes the turns ratio of the helix design. Trying to calculate the velocity 

factor is also a problem, because the εr of most plastic pipe is not controlled during 

manufacturing, and the published εr for such materials are usually measured at 10 kHz, not 1 

GHz.  Typical velocity factors for helix antennas follow the graph of Figure 32, where a decrease 

in pitch angle increases the phase velocity.  

 Since the phase velocity of the wave is going to be decreased by the presence of a 

dielectric within the core of the helix, a low pitch angle was used to help compensate for this 

event.  A lower pitch angle also has the benefit of higher gain.  Measuring the relative 

permittivity of the PVC yielded values between 2.2 and 2.5, as shown from the measured values 

in Figure 31.  Instead of designing for a normal pitch angle of 13°, the angle was reduced by the 

square root of the minimum relative permitivity, 2.2, or by 33% to 8.7°.  This was done because 

for a helical antenna with a given circumference, the relative phase velocity of a traveling wave 

increases as the pitch angle decreases, as shown by Figure 32, whose results are governed by 

equation 4.1.  Decreasing the pitch angle, and thereby increasing the phase velocity of the 

traveling electromagnetic wave, will compensate for the effects of the high permittivity PVC 

core. 
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Figure 31:  Measured relative permittivity of PVC 
 

 

Figure 32:  Relative phase velocity p for different pitch angles α as a function of the helix 
circumference in free-space wavelengths Cλ for the condition of in-phase fields in the axial 

direction[31] 
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 The relation between relative phase velocity p, pitch angle α, and circumference Cλ is 

shown in equation 4.1 [31]. 

                                                             p= 𝟏𝟏
𝐈𝐈𝐢𝐢𝐢𝐢𝜶𝜶+(𝐜𝐜𝐑𝐑𝐈𝐈𝜶𝜶𝑪𝑪𝝀𝝀

)
                                                    4.1 

where p = v/c is the relative phase velocity of the wave propagating along the helical conductor 

and v is the phase velocity of the wave.  Since v=c/�𝜺𝜺𝒅𝒅𝝁𝝁𝒅𝒅 and the dielectric constant of PVC 

material is 2.2, equation 4.1 reduces to 

                                                       𝟎𝟎.𝟔𝟔𝟔𝟔 = 𝟏𝟏
𝐈𝐈𝐢𝐢𝐢𝐢 𝜶𝜶+(𝐜𝐜𝐑𝐑𝐈𝐈𝜶𝜶𝑪𝑪𝝀𝝀

)
                                                  4.2 

for the loaded core.  The low velocity factor can now be compensated by solving 

equation 4.2 for various combinations of circumference and pitch angle. 

 

4.5    Optimized Turns Ratio Construction 
  

 The optimized antenna was simulated in CST Microwave Studio using the same 

simulation parameters described earlier.  The new antenna with an optimized pitch angle 

shown in Figure 33(b) was simulated and compared against the original antenna shown in 

Figure 33(a) from Chapter 4.3.  Comparisons were made by calculating the gains of the two 

antennas along the positive Z-axis, and are both plotted in Figure 34.   
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Figure 33:  Relative antenna sizes around the same diameter PVC core using (a) normal pitch angle,  
(b) optimized pitch angle 

   

 

Figure 34:  Expected axial gain with and without optimized scaling 
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 From Figure 34, it appears that optimizing the turns spacing to accommodate for the 

PVC had little to no effect on the far-field gain when measured directly along the z-axis.  Initial 

inspection leads to the conclusion that the bandwidth of the original antenna did not change, 

and that the same downshift in operational frequency is seen even with the optimized turns 

spacing.  Further examination proves this initial conclusion to be false, and is demonstrated by 

once again comparing the far-field patterns of both antennas' upper and lower limits shown in 

the figures on the following two pages.   
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Figure 35:  Comparison of the far-field patterns at the low frequency end of 416 MHz using    (A) 
normal scaling and (B) optimized scaling 
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Figure 36:  Comparison of the far-field patterns at the high frequency end of 850 MHz using    (A) 
normal scaling and (B) optimized scaling 
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 The two previous figures, Figure 35 and Figure 36, show the 3D far-field patterns at the 

upper and lower frequency limits for the dielectric-loaded PVC helical antennas with and 

without optimized scaling.  In the case of the original antenna with no scaling, it can be seen 

that the main lobe is not uniform.  On the other hand, the newly designed antenna with an 

optimized turns spacing maintains its axial mode lobe pattern throughout the entire frequency 

range.  So while the graph comparing the maximum gain vs. frequency of the two designs 

shows little change in the bandwidth amongst the two, further inspection of their lobe pattern 

confirms that optimizing the turns ratio allows for the axial mode lobe pattern to occur over a 

wider range of frequencies.  This can be shown by animating the lobe pattern of Figure 35(B) at 

416 MHz, which maintains its shape all the way until the 850 MHz pattern of Figure 36(B).  The 

same cannot be said for the antenna with normal turns spacing, which only maintains its axial 

mode lobe pattern over a narrower range of frequencies.  The radiation efficiency at the low 

frequency end improved from 30% to 40% using the new design, and at the high frequency end 

it remained the same at 98% efficiency.    

  

4.6    Commercial Results 
 

 Two antennas  from Table 4-1 were shipped to a commercial  antenna measurement 

company named "360° Antenna."  The performance characteristics of two separate antennas 

were measured and compared.  The first antenna was the 802 MHz 4.0" diameter cardboard 

core helical with a normal turns spacing, and the second was a 2.0" diameter dielectric-loaded 

PVC helical designed to operate at 1.503 GHz using the optimized turns spacing. 
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Freq. 
(MHz) 

Gain, 
dBiC 

Axial 
Ratio, dB 

1103 12.1 3.6 

1203 12.3 3.6 

1303 13.1 2.9 

1403 12.9 2.3 

1503 9.8 3.8 

1603 8.4 1.0 

1703 8.4 4.1 

 

(a)  1.503 GHz dielectric-loaded helical with 
optimized pitch angle 

Freq. 
(MHz) 

Gain, 
dBiC 

Axial 
Ratio, dB 

566 6.2 12.0 

666 9.0 1.8 

766 10.2 1.6 

866 10.8 3.3 

966 9.3 2.5 

1066 5.4 6.0 

 

 

(b)  802 MHz air-core helical with normal pitch 
angle 

 
Table 4-2:  Commercial gain measurements for (a) 1.503 GHz PVC core helical with optimized turns 

spacing, (b) 802 MHz air-core helical with normal turns spacing 

 

 It can be seen from the commercial test results given above in Table 4-2 that the 

antenna constructed using an optimized pitch angle has a higher gain around its design 

frequency, about 3 dB more than the air-core with a normal pitch angle.  Also to be noted is 

that the gain of the air-core antenna in Table 4-2(b) drops off sharply outside of the center 

frequency, while the gain of the antenna with an optimized pitch angle stays relatively high 

throughout a wider range of frequencies.  The far-field horizontal and vertical plots measured 

up well with all simulations and measurements.  Since the results of the PVC construction with 

the optimized turns spacing yielded overall better results than the builds without the optimized 



 

69 
 

turns spacing, a full array of helical antennas was built based around the parameters given in 

Table 4-1. 

4.7    Bandwidth Improvements 
 

 It is desirable to further improve on the antenna's bandwidth in order to both increase 

the operational frequency range of each antenna and to reduce the total number of antennas 

needed for the final system.  In order accomplish this, a tapered stripline transformer was 

incorporated into the design.  Using the cardboard core helical as an example, the antenna's 

impedance was derived from the VSWR measurements and plotted below in Figure 37.  It 

shows that the impedance starts out at approximately 150 Ω near 720 MHz and decays to 

approximately 110 Ω around 1.1 GHz.  This implies that the antenna is in fact not broadband, 

and is consistent with other researchers' findings [44]. 

 

Figure 37:  Measured antenna impedance vs. frequency 
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 A tapered stripline transformer of length 1.3λ was added to the feed of the antenna in 

order to better match its impedance.  The length was chosen to be 1.3λ as this length has been 

proven to provide a wideband impedance match [45] while keeping the length of the 

transformer to a practical minimum. The transformer was designed to match the 50 Ω source to 

the load impedance, which, from Figure 37, is approximately 125 Ω at 918 MHz.  Gap spacing 

between the ground plate and the stripline, d was chosen to be 0.125".  Examining Figure 37, it 

can be seen that the impedance is not constant, but rather decreases with an increase in 

frequency.  Ideally, the graph would be a horizontal line, meaning that the impedance would be 

constant and could be perfectly matched at any frequency.  Knowing this, the goal of improving 

the bandwidth is to further decrease the overall slope of Figure 37 in order for it to appear 

closer to the ideal case.  To best match the antenna, the transformer was designed to match a 

125 Ω load.  The value of 125 Ω was chosen as the matching impedance for two reasons.  First, 

it is the impedance at the center frequency at 918 MHz.  Second, because the impedance starts 

out at approximately 150 Ω near 720 MHz and decays to approximately 110 Ω around 1.1 GHz, 

125 Ω happens to be a good average of these two values and falls within Kraus's expected 

range for the input impedance of helical antennas based on equation 3.4.  The term w in 

equation 4.3 refers to the length of one end of the tapered transmission line for a gap spacing d 

and an impedance of z [45]. 

                                                                          𝒁𝒁 = �𝝁𝝁
𝜺𝜺
∗ 𝒅𝒅
𝒘𝒘

                                                           4.3 

 This equation was used to solve for the length of both ends of the tapered transformer.  

Using a gap spacing of 1/8" between the stripline and the ground plane, the equation can be 
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rewritten to solve for the width (w) at each end of the transformer.  For the z=50 Ω low 

impedance end of the source, the width was calculated as 23.92 mm.  For the z=125 Ω high 

impedance end of the antenna, the width was calculated as 7.95 mm.  The widths at each end 

of the transformer were held constant for all of the antennas, and the length of the transformer 

for each antenna was  calculated as 1.3λ based on the wavelength of each antennas center 

design frequency.     

 As a result of adding the transformer, the overall VSWR was improved from a value of 

well over 2 to better than 1.5.  Figure 38 compares the results of the S11 parameters of the 

antenna with and without a transformer.  The results show an increase in the bandwidth from 

approximately 85 MHz around a center frequency of 918 MHz as shown in by the blue line, to a 

bandwidth of nearly 1.35 GHz (900 MHz-2.25 GHz) as shown by the red line.  This improvement 

will allow for a more efficient transfer of power from the source to free space and will 

significantly improve the realized gain of the antenna over a much wider range of frequencies.  

While the S11 parameter of the blue line at 918 MHz was degraded from -18 dB to -15 dB, the 

improvement in the overall S11 parameters over a wider frequency range is worth this sacrifice. 
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Figure 38:  Measured S11 parameters of 918 MHz air-core helical antenna with and without a 
transformer 

 

 The stripline transformers were successfully applied to all the antennas in order to 

widen their bandwidth and to improve the coupling to their source.  All of the antennas yielded 

results along the lines of the S11 parameters presented in the figure above.  The S11 parameters 

of the next set of 4 helicals with the addition of tapered transformers is presented on the 

following two pages. 
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Figure 39:  Measured S11 parameters of the 3" 1.01 GHz optimized dielectric-loaded helical with 
transformer 

 

 

Figure 40:  Measured S11 parameters of the 2" 1.5 GHz optimized PVC dielectric-loaded helical with 
transformer 
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Figure 41:  Measured S11 parameters of the 1.5" 1.85 GHz optimized PVC dielectric-loaded helical with 
transformer 

 

 

 

Figure 42:  Measured S11 parameters of the 1" 2.61 GHz optimized PVC dielectric-loaded helical with 
transformer 
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 The S11 parameters on the previous pages show a wideband impedance match around 

each antenna's center frequency.  The  S11 parameters match the intended design frequency of 

the helical antennas whose designs were previously outlined in Table 4-1.  The measured center 

frequencies in the four previous S11 graphs each match their corresponding center design 

frequency given at the beginning of this chapter in Table 4-1.  The center frequency of the S11 

parameters were fine tuned to the intended design frequency by adjusting the capacitance 

spacing between the tapered transformer and the ground plane.  This was a slow process 

accomplished by manually adjusting the transformer height while the antenna was connected 

to the network analyzer by re-soldering each end of the transformer at incremental height 

levels.  As can be seen from the previous figures, each antenna ended up with a S11 better than 

-20 dB at the antenna's center frequency,  which from Table 2-1, translates into a "very good" 

match.  

 The impedance match was designed to span as much of the antenna's axial mode as 

possible, allowing for a high total efficiency over a wide range of frequencies.  The ripple in the 

S11 seen at higher frequencies are harmonics that are a function of the design frequency and 

the length of the tapered transformer.  These harmonics occur outside of each antenna's axial 

mode.   

 The five classes of constructed helical antennas are pictured on the next page in Figure 

43.  The leftmost antenna is the cardboard core helical constructed using conventional 

techniques, and its S11 parameters are given in Figure 38.  The other four antennas, from right 
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to left, are the PVC core helicals constructed using the Universities optimized scaling method 

whose S11 parameters were given in Figure 39, Figure 40, Figure 41, and Figure 42 respectively. 

 

Figure 43:  A picture of the five class of constructed helical antennas.   
From left to right: (C.B.),  (F),  (G),  (H),  (J) 
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5. EQUIPMENT & MEASUREMENTS 
 

 The constructed antennas were tested in the anechoic chamber in order to validate 

their performance.  The tests included measurement of the gain and the far-field patterns in 

polar form within the newly constructed RF facility.  In order to accomplish this, all necessary 

test equipment was purchased including an anechoic chamber, a real time spectrum analyzer, a 

signal generator, a control computer, and turntables.  In order to successfully measure the 

unknown gain of one of the constructed helical antennas a LabVIEW program was written that 

controls all of the equipment, and automates the testing process.  This reduces human error, 

and  allows for a higher level of precision in the measurements.  This chapter is designed to 

cover the equipment need to test the antennas, testing methods, procedures, and the code 

used to control the equipment and calculate the final plots.  The chapter concludes by 

presenting the results of UMC's measured far-field patterns, and compares these results to 

commercial measurements and computer simulated plots.  

 

5.1   Anechoic Chamber 
 

 Outdoor testing of electromagnetic devices will yield results that are tainted with 

ambient clutter.  In order to overcome this issue, a large anechoic chamber was purchased and 

constructed for the laboratory tests.  An anechoic chamber is a room designed to reduce 

internal reflections of electromagnetic waves within the chamber as well as to insulate from 

exterior sources of electromagnetic noise.  The combination of both of these aspects means 

that anechoic chambers simulate an electromagnetically quiet, open-space environment of 



 

78 
 

infinite dimension.  Anechoic chambers accomplish this by lining the interior walls with a 

material that absorbs an electromagnetic waves incident energy, thus simulating infinite free 

space.  The origins of anechoic chambers date back to the Second World War, when there was 

a large effort to develop aircraft that could absorb or scatter radar signals [46].   

 In order to create a reflection-less chamber, it is important to first understand how an 

electromagnetic wave propagates through free space, and how the wave interacts with 

multiple boundaries.  The simplest way to emulate propagation of a wave within the anechoic 

chamber is to construct a transmission line model starting with the antenna.  The system begins 

with an antenna of natural impedance Rant, which radiates into free space.  Free space has a 

natural impedance of 377 Ω.  Since the walls of the anechoic chamber are metal and grounded, 

the transmission line model can be shown as  Rant in series with a 377 Ω resistor that ends in a 

short circuit.  Since none of the incident energy is dissipated in the short circuit load, 100% of 

the energy will be reflected back.  Therefore, if an antenna radiates within a closed metal room, 

the electromagnetic waves will simply reflect off the walls in the room.  An anechoic chamber 

creates an electromagnetically quiet environment by placing material along the metal walls of a 

room that absorbs nearly all of an electromagnetic wave's incident energy.  Typical absorbent 

materials will have a natural impedance of 377 Ω in order to perfectly match the impedance of 

free space.  Early anechoic chambers used an absorbent material called a Salisbury Sheet [47].  

A Salisbury Sheet is simply a piece of paper coasted with a substance that has a surface 

resistivity of 377 Ω/sq [26].  When placed one quarter wavelength away from the metal wall, 

they effectively allow the transmission line to be indistinguishable from the load.   
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 The problem with Salisbury Sheets is that they work at only one specific frequency.  

Modern day absorbent materials consist of arrays of pyramid shaped pieces called Jaumann 

absorbers, each of which is constructed from a lossy material.  Typical pieces are comprised of a 

rubberized foam material impregnated with mixtures of carbon and iron [48].  The length from 

the base to the tip of the pyramid structure is on the order of the wavelength of the lowest 

expected frequency.  Each layer in Figure 44(a) is comprised of many dielectric layers separated 

by a resistive sheet.  The transmission line equivalent model of this is shown in Figure 44(b) as 

many tapered resistances in parallel with each other.  Analysis of this model is easily explained 

through the use of a Smith chart.  As demonstrated in Figure 45, matching begins by starting on 

the short circuit point of a Smith chart as the metal anechoic chamber wall is grounded into a 

short circuit.  Since the thickness of the dielectric layer is a quarter wavelength, the short 

impedance is rotated 180° towards the open impedance point.  Next, G1 is added which moves 

the current point past the center of the chart.  The addition of another quarter-wave 

transformer to rotates this point back to the left side.  The element G2 is then added, and so 

forth [49].  This technique is used to design a parallel resistive sheet with a resistivity equal to 

that of free space impedance.  In the end the input impedance of the structure becomes zero 

and the transmission line model becomes matched [50].   
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Figure 44:  (a) The Jaumann Sandwich uses a staggered array of resistive sheets.  For the case of 
normal incidence, it can be modeled using the transmission line model shown in (b).  (c) Pyramidal 

absorber, with an incident ray 
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Figure 45:  Smith chart matching the transmission line of Figure 44(b) 

 

 Pyramidal cones attenuate incoming electromagnetic waves through two means: 

scattering and absorption [51].   The reason the cones are pyramidal shaped is to maximize the 

number of bounces that the wave makes within the structure.  An incident wave traveling to 

the right into the structure in Figure 44(c) above would reflect many times between any two of 
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the three cones until the wave finally reaches the metal wall (shaded region on the right).   Each 

time the wave reflects, the pyramidal cone absorbs some of the energy, and the wave leaves 

with less strength than it entered with.  

As a wave enters a cone, it undergoes loss given by: 

                                                  𝑳𝑳𝑳𝑳𝒅𝒅𝒅𝒅 =  𝑹𝑹−𝜶𝜶𝒅𝒅                                                      5.1 

where d is the thickness of the material in meters and α is the absorption coefficient defined as: 

                                                                           𝜶𝜶 = 𝑹𝑹𝑹𝑹�𝒋𝒋𝝁𝝁𝝈𝝈𝒋𝒋−  𝒋𝒋𝟐𝟐𝝁𝝁𝜺𝜺                                             5.2 

where μ is the permeability of the material, σ is the material's conductivity, ω is the radial 

frequency, and ε is the permittivity of the material.  For common tiles with a characteristic 

impedance of 377 Ω/sq, equation 5.2 reduces to: 

                                                                                                   𝜶𝜶 =  𝟏𝟏𝟐𝟐𝟎𝟎𝝅𝝅
𝝀𝝀

                                                           5.3 

For a 300 MHz wave, the loss through 1 cm of tile would be: 

                                         𝑳𝑳𝑳𝑳𝒅𝒅𝒅𝒅 =  𝑹𝑹−𝜶𝜶𝒅𝒅 = 𝑹𝑹−
𝟏𝟏𝟐𝟐𝟎𝟎𝝅𝝅
𝟏𝟏  (.𝟎𝟎𝟏𝟏) =  𝟎𝟎.𝟎𝟎𝟐𝟐𝟑𝟑𝟎𝟎𝟓𝟓𝟒𝟒 = 𝟑𝟑𝟑𝟑 𝐑𝐑𝐝𝐝              5.4 

 This is one way loss through 1 cm of tile.  As the wave reflects off of the metal wall and 

propagates back through the tile, it will undergo further attenuation.  

 Budget requirements for our anechoic chamber limited its size to 24' x 15' x 14' (L x W x 

H).  Construction took approximately five days, with certification taking an additional day.  

Additional requirements for the chamber included placing two grated vents near the floor and 

one in the ceiling.  The purpose of the vents is to allow for the ability to flush different types of 

gases out of the chamber.  The bottom vents allow for the flushing of gases that are heavier 



 

83 
 

than air and would settle to the floor, such as SF6.  The ceiling vent allows for the flushing of 

gases that are lighter than air and would raise to the top of the chamber, such as N2.  This 

allows for the ability to fully fill the chamber with a potentially dangerous gas, and then safely 

vent the gas outdoors after testing.   

 For additional safety, an interlock was placed on the door that turns off the output of 

the high powered amplifiers while the door is open.  This prevents a user from radiating at any 

power level when the chamber door is open, which would unknowingly expose the user as well 

as others to electromagnetic radiation.   

 

Figure 46:  One of the helicals inside our Jaumann-absorber-lined anechoic chamber that was 
manufactured and installed by Panashield 
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5.2   Equipment 
  

 In order to collect data within the anechoic chamber, a number of pieces of equipment 

are needed.  A typical schematic for transmitting and receiving signals within the anechoic 

chamber is shown below in Figure 47 below.  Transmission begins at a signal generator placed 

outside the anechoic chamber.  The signal generator is connected to a transmit antenna placed 

inside the chamber through a coaxial cable that is fed through the wall of the chamber via a 

waveguide.    

 

Figure 47:  Schematic showing the RSA connected to a helical on a turntable, radiating into the 
commercial LP-80 log-periodic that is connected to a signal generator, all within the anechoic chamber 

 

 The signal generator purchased was a "Hewlett Packard" model HP8664A.  This 

particular generator is capable of sweeping from 100 kHz to 3 GHz, and can produce modulated 
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waveforms.  The HP8664A was primarily chosen due to its low cost, and its ability to sweep 

across a wide frequency range in 0.01 Hz steps. 

 A commercial log periodic LP80 antenna was purchased from the "Sunol Sciences 

Corporation," and was used as the transmit antenna connected to the HP8664A signal 

generator.   The LP80 transmits a linearly polarized wave and is capable of transmitting from 

80 MHz - 2 GHz.  A calibrated commercial antenna was required as it comes with a 

manufacturer provided data sheet showing a plot of the antenna's measured gain vs. 

frequency.     

 The LP80 radiates through free space to one of the constructed helical antennas, which 

may be placed on a turntable, whose construction is described later in this thesis.  In order to 

accurately sample the frequency spectrum in the chamber, the helical is connected to a 

Real-Time Spectrum Analyzer(RSA) through a coaxial cable fed through a waveguide in the 

chamber wall. 

 The RSA purchased was a "Tektronix" model RSA-6114A, and is capable of sampling the 

electromagnetic spectrum from 9 kHz-14 GHz.  This model was chosen for a variety of reasons.  

It has an extremely low noise floor, which allows it to sample and resolve low-level signals 

present in the chamber.  It also has an extremely high-resolution sweep speed and is capable of 

performing a 1 GHz sweep in 10 kHz RBW in less than one second.  This allows for a high 

resolution wideband sweep in a brief period of time.  An example of the output of the 

RSA-6114A is shown in Figure 48.  The RSA saves data in a two column .csv file.  The first 

column contains the frequency sampled and the second column contains the received signal 
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strength in dB or dBm corresponding to the frequency in the first column in the same row.  The 

.csv file can be used with MATLAB to perform analysis on the file's contents.    

 

Figure 48:  Example output of the RSA-6411A sweeping from 100 MHz - 3 GHz 

   

5.3   Gain Measurements 
 

 The constructed antennas were placed into the chamber one at a time, and their gains 

were measured.  This was accomplished by using two antennas.  The first being the commercial 

log periodic LP80 antenna whose gain was already known, and the second being one of the 

constructed antennas with an unknown gain.   
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 To begin testing, the log periodic antenna was placed at one end of the chamber and 

used as the transmit antenna.  Placed at the other end of the chamber was one of the 

University of Missouri-Columbia's constructed helical antennas.  The separation distance 

between the log periodic and the helix antenna was exactly 3.5 meters.  This separation 

distance ensure that each antenna is placed in the other's far-field region at frequencies above 

600 MHz by satisfying the three conditions listed in Equation 2.4.  The log periodic was excited 

by a signal generator that outputs a sinusoid with a set amplitude.  The constructed antenna 

received the transmitted wave, and the magnitude of the received signal was displayed on the 

Real-Time Spectrum Analyzer (RSA).  Since the transmit power, receive power, transmit 

distance, and gain of one of the antenna elements are all known, the gain of the unknown 

antenna was calculated by solving the Friis transmission equations presented earlier in this 

thesis.      

 In order to streamline the process, all of the equipment was controlled via a LabVIEW 

program written in house.  The LabVIEW program allows the end user to easily control all 

pieces of equipment, set the transmit frequency range, set the sampling time and rate, and 

automatically capture and save the RSA's output file.  The RSA produces an output .csv file with 

two columns.  The first column is a list of all frequencies sampled, and the second column is the 

corresponding received signal strength at the frequency listed in the same row in the first 

column.  This list is then processed through a custom MATLAB program written to compute and 

plot the gain of the unknown antenna.  The LabVIEW program controls all of the equipment, 

settings, and records the data, while the MATLAB program processes and plots the data.     
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 The MATLAB program works by solving the Friis transmission equations.  In summary, 

there are two antennas in the anechoic chamber at a known distance of 3.2 meters.  One of the 

antennas is calibrated and its gain is known.  The second antenna is the unknown antenna 

under test.  The separation distance between the antennas, the transmit and receive power 

levels, and the gain of one of the antennas are all known.  What is left is a single unknown 

variable, the gain of the unknown antenna.  Figure 49 on the next page compares the 

manufacturer-provided gain of a purchased LP80 log periodic antenna to its gain as measured 

by the University of Missouri's custom gain measurement software.   

 Examining the results, the two graphs are nearly identical.  This validates that all gain 

measurements taken in the anechoic chamber.  To further verify this, a horn antenna whose 

properties were also known was placed in the chamber and solved for as if it were an unknown 

antenna.  Testing the horn antenna reproduced the exact gain graph provided by the horn's 

manufacturer.  The ability to reproduce gain curves of multiple types of antennas verifies the 

accuracy as well as the precision of measurements made within the anechoic chamber.    
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Figure 49:  LP80 manufacturer provided gain vs. the measured gain 

 

5.4   Turntable 
 

 A turntable was constructed in order to create two-dimensional polar plots of the 

antenna's far-field pattern.  This allows for measuring the directivity, gain, and beamwidth of 

each unknown antenna.  The turntable was designed using the CAD software "SolidWorks," and 

constructed using all composite parts consisting of 3/4" particle board, plastic wheels and 

bearings, and plastic nuts and screws.  The only metal element of the turntable is the 
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N33HRHJ-LNK-NS-00 stepper motor that turns the table itself shown below in red.  This 

particular motor was chosen as it has the highest torque at the lowest RPM of all the motors 

that National Instruments offered.  The motion of the stepper motor is controlled by a 

computer through National Instrument's PCI-7354 4-axis stepper/servo motion controller.  The 

motion controller works by sending input and output signals from a computer to a breakout 

board.  Based on the computer's reference signals, the breakout board regulates the 

appropriate power levels sent to the two-phase motor.  This in turn determines the motor's 

speed.  

 

Figure 50:  SolidWorks cross-section view of the turntable design 
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Figure 51:  Composite turntable photo 

  

 Everything is controlled and automated using a second LabVIEW program.  The LabVIEW 

program allows the user to set a specific frequency and then automates plotting the two-

dimensional far-field pattern of the test antenna.  It works by appropriately controlling all of the 

necessary equipment connected to it through GPIB(General Purpose Interface Bus).  The user 

interface is presented in Figure 52. 
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Figure 52:  Turntable interface screenshot 

 The program works by first turning on the signal generator and the spectrum analyzer.  

The signal generator is initialized to the user's specified frequency and its internal gain is set to 

+0 dB.  The RSA is initialized to span a user-determined frequency range, set around the center 

frequency already programmed into the signal generator.  Next, the program begins rotating 

the turntable and records the received signal strength at the receiving antenna as a function of 

time.  The LabVIEW program receives position feedback from the motor.  Once the program 

determines that the motor has completed one revolution, the resulting data taken is then 

automatically processed through the custom MATLAB code given in Appendix B written to 

convert the received signal strength into the antenna's actual gain.  The MATLAB program 

accomplishes this by again solving the Friis transmission equations presented earlier in section 

2.11.    A thorough evaluation was performed of the two antenna's sent out for commercial 
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testing whose results were given in Table 4-2.  The first being the 1.5 GHz helical antenna listed 

in Table 4-1 and pictured second from the left in Figure 43.  This antenna was designed using 

the University's optimized scaling method, constructed, and matched with the tapered stripline 

transformer.  The antenna's S11 parameters presented earlier in Figure 40 show a wideband 

impedance match at the antennas design frequency.  The second antenna evaluated was the 

918 MHz cardboard core helical designed using conventional techniques.  This antenna is also 

listed in Table 4-1 and pictured first from the left in Figure 43.   

 Since the helical antenna is circularly polarized, two separate measurements were made 

in order to plot the 𝑬𝑬𝜽𝜽 and EΦ components of the circularly polarized wave.  Referring back to 

the three dimensional coordinate system of Figure 6, four plots are often made to plot the far-

field patterns of the 𝑬𝑬𝜽𝜽 and EΦ components of the circularly polarized wave.  Two plots are 

made by positioning the antenna in a vertical orientation, and then rotating it around both the 

vertical and horizontal plane.  The antenna is then rotated 90° into a horizontal orientation, and 

again rotated around the vertical and horizontal planed to generate the final two plots.  Many 

antennas, such as helical antennas, have a symmetrical mainlobe.  The plot of that mainlobe 

will be on the same order of magnitude and have the same general shape in both the vertical 

and the horizontal planes.  The figure on the next page is a simulated example of the slight 

differences between the plots on the two planes. 
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Figure 53:  A CST simulated example of the differences between the far-field patterns on the (a) 
vertical and (b) horizontal planes for the EΦ field of the 4" cardboard-core antenna at 766 MHz whose 

measured results are presented later on 
  

 The above figure shows that there is little difference between the horizontal and vertical 

plots of the EΦ component of the circularly polarized wave.  Since the company "360° Antenna" 

provided plots on the horizontal plane, UMC made plots on this plane for comparison.    

 The "G" series helical antenna, built around a 2" PVC core using UMC's optimized scaling 

method whose parameters were outlined in Table 4-1, was measured.  The next set of figures 

compares this antenna's commercially measured results, the University's measured results, and 

CST simulations at 1.1 GHz, 1.3 GHz, and 1.6 GHz of the 𝑬𝑬𝜽𝜽 and EΦ components of the circularly 

polarized wave on the horizontal plane.  A comparison of the antenna's results at its high 

frequency end of 1.6 GHz is as follows:   
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Figure 54: Commercial measured horizontal polar plot at 1.6 GHz 
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Figure 55:  UMC measured horizontal polar plot at 1.6 GHz 
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Figure 56:  CST simulated horizontal polar plot at 1.6 GHz 
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Figure 57:  Commercial measured vertical polar plot at 1.6 GHz 
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Figure 58: UMC measured vertical polar plot at 1.6 GHz 
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Figure 59:  CST simulated vertical polar plot at 1.6 GHz 

  

 Both plots show a maximum gain of about 4-5 dBi on the horizontal plane, and 5-6 dBi 

on the vertical plane directed along the axis of the antenna.  The absolute gain, which is the the 

sum of the horizontal and vertical components, was simulated to be 7.7 dB, and measured to 

be 8.4 dB at 1.6 GHz.  It should also be noted that the commercial results show many sidelobes.  



 

101 
 

These sidelobes were not present in the University of Missouri's polar plots, or in its 

simulations.  The fact the University's measurements were conducted in a full anechoic 

chamber eliminates any reflections that would have otherwise been present if the far-field 

patterns were measured outdoors.    

 1.6 GHz was at the antennas high frequency end.  Stepping downward in frequency, and 

moving further into the antenna's operational band, a comparison of the results at 1.3 GHz are 

as follows: 
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Figure 60:  Commercial measured horizontal polar plot at 1.3 GHz 
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Figure 61:  UMC measured horizontal polar plot at 1.3 GHz 
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Figure 62:  CST simulated horizontal polar plot at 1.3 GHz 
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Figure 63:  Commercial measured vertical polar plot at 1.3 GHz 
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Figure 64:  UMC measured vertical polar plot at 1.3 GHz 
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Figure 65:  CST simulated vertical polar plot at 1.3 GHz 

 

 Comparing the 1.6 GHz results to the 1.3 GHz results, it is clear that the antenna is now 

more directive, with a higher gain, and fewer sidelobes.  The commercially measures results 

measure up well with UMC's measured results, and both are within the simulated expectations.  

Examining the antenna at its lower frequency end of 1.10 GHz yields the following plots: 
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Figure 66: Commercial measured horizontal polar plot at 1.10 GHz 
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Figure 67: UMC measured horizontal polar plot at 1.10 GHz 
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Figure 68:  CST simulated horizontal polar plot at 1.10 GHz 
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Figure 69:  Commercial measured vertical polar plot at 1.10 GHz 
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Figure 70:  UMC measured vertical polar plot at 1.10 GHz 
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Figure 71:  CST simulated vertical polar plot at 1.10 GHz 
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Table 5-1:  Comparison of the measured and simulated gains for the 2" 1.5 GHz helical designed and 
built using the optimized turns spacing  

 

 As can be seen from the above table, as well as the last series of polar plots, it is clear 

that the measurements made by the University of Missouri-Columbia match up well with both 

simulated gains, and commercially measured gains.  All of the above polar plots on the vertical 

and horizontal axis match up well.  It can be seen that the commercial plots have side lobes 

with a larger magnitude than those made by UMC.  Measuring the far-field pattern in an 

anechoic chamber eliminates any reflections and scattering, and yields a more accurate plot.     

 Next, the 918 MHz cardboard-core helical labeled "C.B.," whose parameters were 

previously outlined in Table 4-1, was plotted in the anechoic chamber in UMCs newly 

constructed RF facility.  The results of UMC's measured plots, compared to commercially 

measured and CST simulated plots are as follows: 

Freq. 
(MHz) 

Gain (dBiC), 
Commercial 

Gain (dBiC), 
UMC 

Gain (dB), 
CST 

Simulated 
1103 12.1 10.7 10.8 

1203 12.3 12.1 11.5 

1303 13.1 12.9 12.2 

1403 12.9 11.5 12.1 

1503 9.8 8.7 9.3 

1603 8.4 6.2 8.7 
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Figure 72: Commercial measured horizontal polar plot at 566 MHz 
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Figure 73:  UMC measured horizontal polar plot at 566 MHz 
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Figure 74:  CST simulated horizontal polar plot at 566 MHz 
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Figure 75:  Commercial measured vertical polar plot at 566 MHz 
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Figure 76:  UMC measured vertical polar plot at 566 MHz 
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Figure 77:  CST simulated vertical polar plot at 566 MHz 
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At 666 MHz, the plots are as follows: 

 

Figure 78: Commercial measured horizontal polar plot at 666 MHz 
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Figure 79:  UMC measured horizontal polar plot at 666 MHz 
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Figure 80:  CST simulated horizontal polar plot at 666 MHz 
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Figure 81:  Commercial measured vertical polar plot at 666 MHz 
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Figure 82:  UMC measured vertical polar plot at 666 MHz 
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Figure 83:  CST simulated vertical polar plot at 666 MHz 
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At 766 MHz, the plots are as follows: 
 

 

 

Figure 84:  Commercial measured horizontal polar plot at 766 MHz 
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Figure 85: UMC measured horizontal polar plot at 766 MHz 
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Figure 86:  CST simulated horizontal polar plot at 766 MHz 
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Figure 87:  Commercial measured vertical polar plot at 766 MHz 
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Figure 88:  UMC measured vertical polar plot at 766 MHz 
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Figure 89:  CST simulated vertical polar plot at 766 MHz 
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At 866 MHZ the plots are as follows: 

 

Figure 90:  Commercial measured horizontal polar plot at 866 MHz 
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Figure 91: UMC measured horizontal polar plot at 866 MHz 
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Figure 92:  CST simulated horizontal polar plot at 866 MHz 
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Figure 93:  Commercial measured vertical polar plot at 866 MHz 
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Figure 94:  UMC measured vertical polar plot at 866 MHz 
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Figure 95:  CST simulated vertical polar plot at 866 MHz 
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At 966 MHz, the results are as follows: 

 

Figure 96:  Commercial measured horizontal polar plot at 966 MHz 
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Figure 97:  UMC measured horizontal polar plot at 966 MHz 
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Figure 98:  CST simulated horizontal polar plot at 966 MHz 

 

 

 

 

 



 

142 
 

 

Figure 99:  Commercial measured vertical polar plot at 966 MHz 
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Figure 100:  UMC measured vertical polar plot at 966 MHz 
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Figure 101:  CST simulated vertical polar plot at 966 MHz 
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Freq. 
(MHz) 

Gain (dBiC), 
Commercial 

Gain (dBiC), 
UMC 

Gain (dB), CST 
Simulated 

566 6.2 6.2 6.7 

666 9.0 13.5 9.3 

766 10.2 13.6 8.4 

866 10.8 13.3 9.7 

966 9.3 11.8 11.1 

 

Table 5-2: Comparison of the measured and simulated gains for the 4" 915 GHz cardboard-core helical 
designed and built using conventional methods 

  

 As can be seen from the previous set of figures, the commercially measured plots, UMC 

measured plots, and the CST simulated plots all measured up extremely well.  The above table 

calculating the realized gains showed that the all of the gains measured commercially and by 

UMC performed better than the expected CST simulated gains.  The gains as measured by the 

University were also slightly higher than those measured commercially.  Inspection of the 

graphs concludes that the gain patterns plotted by UMC matched up well with the 

commercially plotted gains, and CST plotted simulations.  
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6. CONCLUSION 
 

 The primary objective of this research was to successfully implement a frequency agile 

RF facility for the purpose of testing newly constructed helical antennas designed using an 

innovative scaling method.   

 An adaptable RF facility was constructed for the purpose of validating the performance 

of the newly constructed antennas.  An anechoic chamber was installed within our facility 

whose dimensions were large enough to allow for the testing and calibration of antennas that 

operate within the frequency range of a few hundred megahertz to hundreds of gigahertz.  All 

necessary transmit and receive equipment was purchased, installed, and tested for 

functionality. 

 A series of helical antennas was constructed in order to cover the 500 MHz-4 GHz 

frequency bands.  It is known that the bandwidth of one single helical antenna is not large 

enough to cover this range, therefore several helicals were constructed.  It was demonstrated 

that an air-core helical has a different behavior in its far-field than a dielectric-loaded helical.  

The introduction of a dielectric material within the core of the antenna was shown to shift the 

antenna's operational center frequency.  This occurs because the dielectric has a relative 

permittivity higher than unity.  The increased permittivity slows the velocity of the propagating 

electromagnetic wave.  This in turn increases the wavelength of the wave, which reduces its 

effective frequency.   



 

147 
 

 In order to compensate for this effect, the turns ratio of the antenna was optimized in 

order to keep the electric field in phase along the axial direction of the antenna.  Optimizing the 

antenna was accomplished by reducing the pitch angle of the helical antennas.  It was shown 

that PVC has a dielectric constant higher than unity, and that this slows the phase velocity of a 

traveling electromagnetic wave.  Reducing the pitch angle helped to increase the phase velocity 

of the traveling electromagnetic wave, which mitigated the effects of loading the antenna with 

a piece PVC.   

 The antenna designs were first simulated using a program called CST Microwave Studio.  

Initial simulations verified that the introduction of PVC within the core of a helical antenna 

influenced it's operation.  Simulations were then performed on an optimized PVC-core helical 

antenna.  The simulation concluded that the optimization increased the bandwidth of the 

antenna, and helped to compensate for the dielectric loading.  The simulation results of the 

optimized method is again summarized in Figure 102 on the following page, and demonstrates 

the results between three antennas with the same circumference: an air-core helical, a 

dielectric-loaded helical, and the optimized dielectric-loaded helical.   



 

148 
 

 

Figure 102: Comparisons of the center frequencies of the same 4" core, 850 MHz designs using: 
(a) air-core, (b) dielectric-loaded, and (c) the optimized dielectric-loaded design 
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 Comparing the results of the non-optimized 4.5" dielectric-loaded core to the 4.5" 

optimized design, as presented in Figure 35 and Figure 36 at both antenna's high and low 

frequency end, has proven that the optimized design operates in the axial mode over a wider 

range of frequencies than the non-optimized design.  The gain of the optimized design is lower 

than the air-core design and is due to the fact that the optimized antenna is more wideband.  

This is an inherent effect in all antennas and is a product of the gain/bandwidth tradeoff.  

Having an antenna that is more wideband was a conscious design decision made in order to 

reduce the number of antennas needed for the final system.  The gain of the optimized design 

can be improved by increasing its axial length to that of the air-core model by increasing the 

number of turns. 

 The bandwidth of the constructed helical antennas was further improved through the 

addition of a custom tapered stripline transformer.  The stripline transformer matches the 50 Ω 

load to the approximately 140 Ω impedance of the antenna.  This improves the matching of the 

S11 parameters, which increases the efficiency of the antenna.  In order to improve the 

antenna's bandwidth, the length of the transformer was kept to a practical maximum (on the 

order of 1.3*lambda).  Comparisons were made of the S11 parameters with and without the 

addition of the tapered stripline transformer, with the S11's clearly being more wideband and 

better matched with the addition of the transformer. 

 The antennas were then sent out for commercial testing.  Tests were run on an air-core 

helix designed around Kraus's equations and on an optimized helical built around PVC.  Both 

antennas operated in the axial mode, with the optimized antenna maintaining the axial mode 
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profile over a larger range of frequencies.  The optimized antenna proved to have a wider 

bandwidth.  This is clearly demonstrated in Table 4-2.  A side effect of the scaling was that the 

axial ratio increased slightly over these bands.  This means that the propagating wave is more 

elliptically polarized. 

 In order to test the antennas in our own facility, a custom LabVIEW program was written 

to simplify and standardize the way in which data was taken.  The LabVIEW program allows the 

user to set the desired frequency range, the signal generator's output amplitude, the internal 

attenuator on the RSA, the step size, as well as many other parameters.  All data are saved 

along with a configuration file, so that a future user may go back and look at the specific 

configuration of any test.  All data taken by the LabVIEW program are processed though a 

custom MATLAB program.  The MATLAB program converts the received signal strength 

detected by the RSA into the corresponding gain of the unknown antenna under test.  The gain 

of a log periodic LP80 antenna, as calculated by UMC through measurement and processing of 

the received signal strength of the antenna, compared well with the manufacturer's published 

gain for the corresponding commercial antenna. 

 The LabVIEW and MATLAB programs were linked together in order to create 2D polar 

plots of the far-field patterns of the antennas.  The plots were made by placing the antennas on 

a custom-designed turntable, and rotating them inside the chamber.  The resulting plots taken 

by the University were compared to that of the commercially tested far-field patterns from the 

company "360° Antenna."  Both the commercially measured far-field plots and UMC measured 
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far-field plots matched up well with each other, and had the same general shape that was 

predicted through CST simulations. 

 In summary, an RF facility has been constructed that includes an anechoic chamber, all 

necessary transmit and receive equipment, and a series of helical antennas.  The helical 

antennas have been optimized by UMC to accommodate for the high permittivity of the 

PVC-core that they were constructed around.  This was accomplished by reducing the pitch 

angle to increase the phase velocity of the traveling electromagnetic wave.  The helical 

antennas were first simulated using a program called CST Microwave Studio.  The simulations 

showed that the optimized helical operated in the axial mode over a larger frequency range.  

The results of these simulations were verified by testing the antennas in the newly constructed 

RF facility.  Testing was automated through the creation of MATLAB and LabVIEW programs.  

The programs were shown to successfully plot the far-field patterns of the antennas on a 

custom designed turntable.  The antenna's measured far-field patterns, as shown by UMC, were 

compared to commercially measured far-field patterns, with a high level of correlation.  UMC's 

measured plots also had fewer sidelobes, as all measurements were performed in an anechoic 

chamber.  This project has successfully constructed an RF facility that has the ability to 

systematically and accurately test multiple antenna types, and it has been shown that the 

accuracy of the measurements taken are on par with the commercially provided 

measurements.   
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APPENDIX   A -  MATLAB CODE FOR CALCULATING ANTENNA GAIN 
clear all; 
%                      Written by Mike Young 
%                             1/19/2011 
%                                v1.0 
  
%PLEASE ENSURE THAT THE SIGNAL GEN IS SET AT 0dBm OUTPUT AND THE RSA HAS THE 
%INTERNAL ATTENUATOR TURNED OFF!! 
% 
%1.) Place the S11 parameters of the Unknown antenna in this folder, name it 
%    S11.xlsx 
%2.) Place the recieved signal strength in this folder named Unknown.xlsx 
%3.) Set the distance r, between the two antennas in meters below 
r=0; 
%4.) Run 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% 
  
  
  
%***ACCOUNTS FOR POLARIZATION MISMATCH AS LOG PERIODIC LP40 IS LINEAR.*** 
Polar = 6;  % IF TRANSMITTING WITH A POLARIZED ANTENNA CHANGE THIS VALUE TO 
3!!! 
%IF TRANSMITTING WITH A LINEAR ANTENNA CHANGE THIS VALUE TO 0!!! 
  
  
%read files%  
Gain=xlsread('Gain.xlsx');     %reads Known Antenna Gain 
Known=xlsread('Known.xlsx');   %known received antenna power taken Unknown 
Unknown=xlsread('Unknown.xlsx');  %reads Unknown antenna power Taken Unknown 
S11=xlsread('S11.xlsx');          %reads the Unknown antenna's S11 parameters 
LP80S11=xlsread('LP80S11.xlsx'); % reads the S11 parameters of the orange 
LP80 
  
  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% the following 3 if statements check to see if the frequencies in the 
% first column are in the format 1.3, or 1,300,000,000, and changes it to 
% 1.3e9 if its just 1.3 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%checks to see if Known Gain is in 1.3 (GHz) or 1.3e9,  
%changes it to 1.3e9 or if it's just 1.3 
if Gain(1,1)<100 
    for i=1:length(Gain) 
        Gain(i,1)=Gain(i,1)*1000000000; 
    end      
end 
  
%checks to see if Known Received Antenna Power in 1.3 (GHz) or 1.3e9,  
%changes it to 1.3e9 if it's just 1.3 
if Unknown(1,1)<1000 
    for i=1:length(Unknown) 
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        Unknown(i,1)=Unknown(i,1)*1000000000; 
    end      
end 
  
%checks to see if Received Antenna Frequencies are in 1.3 (GHz) or 1.3e9,  
%changes it to 1.3e9 if it's just 1.3 
if Known(1,1)<1000 
    for i=1:length(Known) 
        Known(i,1)=Known(i,1)*1000000000; 
    end      
end 
  
  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%The next 3 for loops convert the second column so everything is in WATTS 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Converts Known GAIN Antenna from dB to W.    <----IN DB!!! 
for i=1:length(Gain) 
    Gain(i,2)=10.^(Gain(i,2)/10); 
end  
  
  
%Converts UNKNOWN Antenna Power from dBm to W.  <---- IN DBm!! 
for i=1:length(Unknown) 
    Unknown(i,2)=10.^(((Unknown(i,2)-30))/10); 
end  
  
%Converts KNOWN Antenna Power from dBm to W.  <---- IN DBm!! 
for i=1:length(Known) 
    Known(i,2)=10.^(((Known(i,2))-30)/10); 
end  
  
  
  
  
  
%Copies all the frequencies from Unknown to Ans 
for i=1:length(Unknown) 
    Ans(i,1)=Unknown(i,1); 
end  
  
  
%COMPUTES GAIN 
  
%Gt is the gaub if the transmitter 
%Pt = Unknown Power taken 
%Gs = Gain (Known) 
%Ps = Known Power at the given distance 
%LP80S111 is the S11 parameter in linear form of the LP80 at the computed 
frequency 
%S111 is the S11 linear parameter of the DUT 
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for i=1:length(Unknown)     %steps through each unknown data point 
    k=1; 
    maxk=length(Gain); 
     
    %finding which Gain value of Gt to use: 
    if (Unknown(i,1)<=Gain(1,1))       %sees if it's less than the first 
known Gain value from the Unknownsheet(1GHz in the horn case) 
        Gt=Gain(1,2); 
    elseif (Unknown(i,1)>=Gain(maxk,1))%sees if its Greater than the last 
known Gain value from the Unknownsheet(18GHz in the horn case) 
        Gt=Gain(maxk,2); 
    else  
        while k<=(maxk-1)              %determines what gain value in-between 
to use.  Averages it with the next one.  2.6GHZ Unknown signal uses average 
gain from 2.5 and 3.0ghz.  
             if (Unknown(i,1)==Gain(k,1)) 
                    Gt=Gain(k,2); 
                    k=maxk; 
              
             
             elseif (Unknown(i,1)>=Gain(k,1)) && (Unknown(i,1)<=Gain(k+1,1)) 
                    %Gt=(Gain(k,2)+Gain(k+1,2))/2; 
                    Gt=(Gain(k,2)+Gain(k+1,2))/2; 
                   k=maxk; 
            end 
         k=k+1; 
        end 
    end 
         
     
     
     
    %find which value of Known to use based on Unknowns frequency. 
    k=1; 
    maxk=length(Known); 
     
    if (Unknown(i,1)<=Known(1,1))       %sees if it's less than the first 
known Known value from the Unknownsheet(1GHz in the horn case) 
        Ps=Known(1,2); 
    elseif (Unknown(i,1)>=Known(maxk,1))%sees if its Greater than the last 
known Known value from the Unknownsheet(18GHz in the horn case) 
        Ps=Known(maxk,2); 
    else  
        while k<=(maxk-1)              %determines what Known value in 
between to use.  Averages it with the next one.  2.6GHZ Unknown signal uses 
average Known from 2.5 and 3.0ghz.  
              if (Unknown(i,1)==Known(k,1)) 
                    Ps=Known(k,2); 
                    k=maxk; 
              elseif (Unknown(i,1)>=Known(k,1)) && 
(Unknown(i,1)<=Known(k+1,1)) 
                    Ps=(Known(k,2)+Known(k+1,2))/2; 
                    k=maxk; 
              end 
         k=k+1; 
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        end 
    end 
     
     
     
    k=1; 
    maxk=length(S11);    
    if (Unknown(i,1)<=S11(1,1))     
        S111=S11(1,2);  %S111 is the linear S11 parameter of the Unknown 
antenna at a single frequency 
      
    elseif (Unknown(i,1)>=S11(maxk,1))%sees if its Greater than the last 
known Known value from the Unknownsheet(18GHz in the horn case) 
        S111=S11(maxk,2); 
    else  
        while k<=(maxk-1)              %determines what Known value in 
between to use.  Averages it with the next one.  2.6GHZ Unknown signal uses 
average Known from 2.5 and 3.0ghz.  
              if (Unknown(i,1)==S11(k,1)) 
                    S111=S11(k,2); 
                    k=maxk; 
              elseif (Unknown(i,1)>=S11(k,1)) && (Unknown(i,1)<=S11(k+1,1)) 
                    S111=(S11(k,2)+S11(k+1,2))/2; 
                    k=maxk; 
              end 
         k=k+1; 
          
        end 
    end    
    S111=10.^(S111/20); 
    
     
     
    k=1; 
    maxk=length(LP80S11);    
    if (Unknown(i,1)<=LP80S11(1,1))     
        LP80S111=LP80S11(1,2);   %LP80S111 is the linear S11 parameter of the 
orange LP80 antenna at a single frequency 
      
    elseif (Unknown(i,1)>=LP80S11(maxk,1))%sees if its Greater than the last 
known Known value from the Unknownsheet(18GHz in the horn case) 
        LP80S111=LP80S11(maxk,2); 
    else  
        while k<=(maxk-1)              %determines what Known value in 
between to use.  Averages it with the next one.  2.6GHZ Unknown signal uses 
average Known from 2.5 and 3.0ghz.  
              if (Unknown(i,1)==LP80S11(k,1)) 
                    LP80S111=LP80S11(k,2); 
                    k=maxk; 
              elseif (Unknown(i,1)>=LP80S11(k,1)) && 
(Unknown(i,1)<=LP80S11(k+1,1)) 
                    LP80S111=(LP80S11(k,2)+LP80S11(k+1,2))/2; 
                    k=maxk; 
              end 
         k=k+1; 
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        end 
    end    
    LP80S111=10.^(LP80S111/20); 
       
     
    
    %r is distance from the antenna in meters 
    if(Unknown(i,1)<100000000)  
        r=3.5; 
    elseif (Unknown(i,1)>2000000000) 
        r=4.5; 
    else     
        r=3.5; 
    end     
    r=3.5; 
     
  
   %computes the final gain in dB 
   Ans(i,2) = 10*log10(Unknown(i,2)/((.001)*Gt*(1-S111.^2)*(1-
LP80S111.^2)*((300000000/Unknown(i,1))/(4*3.14259*r)).^2)) + Polar; 
  
  
end 
  
  
%plots everything 
x=1:1:length(Ans); 
plot(Ans(x,1), Ans(x,2)) 
xlabel('Frequency (GHz)') 
ylabel('Gain dB') 
title('Plot of Gain vs. Frequency') 
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 APPENDIX   B -  MATLAB CODE FOR TURNTABLE BASED POLAR 
PLOTS 

%Comvert.m 
%DIRECTIONS% 
  
%1.) Take 3d polar plots using the turntable and software 
%2.) The software outputs a .csv file, first column is dgrees and second 
column is recieved signal strength 
%3.) Rename the file from .csv to .xlsx and place it in the "Turntable Gain 
%Plotter" folder 
%4.)  Change the frequency below on line 12 to the frequency the data was 
taken at and 
%run.  
  
  
%Mike Young 
%12/8/2011 
  
clear all; 
  
FREQ = 1.6e9;    %SET THE TESTES FREQUENCY IN GHZZZZ 
  
  
  
%***ACCUONTS FOR POLARIZATION MISMATCH AS LOG PERIODIC LP40 IS LINEAR.*** 
Polar = 6;  % IF TRANSMITTING WITH A POLARIZED ANTENNA CHANGE THIS VALUE TO 
3!!! 
%IF TRANSMISSING WITH A LINEAR ANTENNA CHANGE THIS VALUE TO 0!!! 
  
  
  
  
Gain=xlsread('Gain.xlsx');     %reads Known Antenna Gain 
Known=xlsread('Known.xlsx');   %known recieved antenna power taken Unknown 
Unknown=xlsread('Unknown.xlsx');  %reads Unknown antenna power Taken Unknown 
  
  
  
%checks to see if Known Gain is in 1.3 (GHz) or 1.3e9,  
%changes it to 1.3e9 or if its just 1.3 
if Gain(1,1)<100 
    for i=1:length(Gain) 
        Gain(i,1)=Gain(i,1)*1000000000; 
    end      
end 
  
  
  
  
%Converts UNKNOWN Antenna Power from dBm to W.  <---- IN DBm!! 
for i=1:length(Unknown) 
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    Unknown(i,2)=10.^((Unknown(i,2))/10); 
end  
  
%Converts KNOWN Antenna Power from dBm to W.  <---- IN DBm!! 
for i=1:length(Known) 
    Known(i,2)=10.^((Known(i,2))/10); 
end  
  
  
  
  
  
%Copies all the DEGREES from Unknown to Ans 
for i=1:length(Unknown) 
    Ans(i,1)=Unknown(i,1); 
     
end  
  
  
%COMPUTES GAIN 
%Using (Gt)dB = (Gs)dB + 10*Log10(Pt/Ps) 
%Gt is the unknown we are tryig to solve for 
%Pt = Unknown Power taken 
%Gs = Gain (Known) 
%Ps = Known Power 
  
for i=1:length(Unknown)     %steps through each unknown data point 
    k=1; 
    maxk=length(Gain); 
     
    %finding which Gain value of Gr to use: 
    if (FREQ<=Gain(1,1))       %sees if its less than the first known Gain 
value from the Unknownsheet(1GHz in the horn case) 
        Gr=Gain(1,2); 
    elseif (FREQ>=Gain(maxk,1))%sees if its greater than the last known Gain 
value from the Unknownsheet(18GHz in the horn case) 
        Gr=Gain(maxk,2); 
    else  
        while k<=(maxk-1)              %determines what gain value inbetween 
to use.  Averages it with the next one.  2.6GHZ Unknown signal uses average 
gain from 2.5 and 3.0ghz.  
             if (FREQ==Gain(k,1)) 
                    Ps=Gain(k,2); 
                    k=maxk; 
              
             
             elseif (FREQ>=Gain(k,1)) && (FREQ<=Gain(k+1,1)) 
                    Gr=(Gain(k,2)+Gain(k+1,2))/2; 
                    k=maxk; 
            end 
         k=k+1; 
        end 
    end 
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    %find which value of Known to use based on Unknowns frequency. 
    k=1; 
    maxk=length(Known); 
     
    if (FREQ<=Known(1,1))       %sees if its less than the first known Known 
value from the Unknownsheet(1GHz in the horn case) 
        Ps=Known(1,2); 
    elseif (FREQ>=Known(maxk,1))%sees if its greater than the last known 
Known value from the Unknownsheet(18GHz in the horn case) 
        Ps=Known(maxk,2); 
    else  
        while k<=(maxk-1)              %determines what Known value inbetween 
to use.  Averages it with the next one.  2.6GHZ Unknown signal uses average 
Known from 2.5 and 3.0ghz.  
              if (FREQ==Known(k,1)) 
                    Ps=Known(k,2); 
                    k=maxk; 
              elseif (FREQ>=Known(k,1)) && (FREQ<=Known(k+1,1)) 
                    Ps=(Known(k,2)+Known(k+1,2))/2; 
                    k=maxk; 
              end 
         k=k+1; 
        end 
    end 
     
     
  
   %plotting from -180 to 180 instead of 0 to 360 
   Ans(i,1)=-1*(Ans(i,1)-180) 
    
    
   %Ans is the final gain:  Computes it here 
   Ans(i,2)= Polar+Gr+10*log10(Unknown(i,2)/Ps); 
  
  
     
     
  
end 
  
  
flipud(Ans);   %the turntable turns to the left, this emulates it turning to 
the right.  delete this if you want to keep it as though it rotated to the 
left 
  
%adjusts the values so that 0degrees(top) is on target, else it graphs as 
though 180degrees is on 
%target,  
%i.e. this flips the plot upside down so the main lobe is facing up on the 
plot 
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MaxAns=length(Ans); 
for i=1:length(Ans)/2 
    last=Ans(MaxAns,2); 
    for i=1:length(Ans)-1    
        Ans(MaxAns+1-i,2)=Ans(MaxAns-i,2); 
            
    end 
    Ans(1,2)=last; 
end    
  
  
%plots everything 
x=1:1:length(Ans); 
axis([0,3e9,0,15])   %move this down one line below "plot(Ans(x,1), 
Ans(x,2))"  in order to set graph axis limits 
 
  
%Dirplot was written to plot everything in polar form.  Since matlab's 
%polar plotting function wont plot negative values, this plotting code was 
%utilized instead 
dirplot(Ans(x,1), Ans(x,2),'b')  
xlabel('Theta') 
ylabel('Gain dB') 
title('Plot of Gain vs. Theta') 
 
 
 
function hpol = dirplot(theta,rho,line_style,params) 
% DIRPLOT  Polar directivity plot. 
%   A modification of The Mathworks POLAR function, DIRPLOT generates 
%   directivity plots in the style commonly used in acoustic and RF work. 
%   Features include: 
%     1. Plots -90 to +90 or -180 to +180 degrees based on range of input 
%        THETA, with 0 degrees at top center. 
%     2. Produces semicircular plots when plot range is -90 to +90 degrees. 
%     3. RHO is assumed to be in decibels and may include negative 
%        values. 
%     4. Default automatic rho-axis scaling in "scope knob" factors. 
%     5. Optional PARAMS argument allows manual setting of rho-axis 
%        scaling. 
%    
%   DIRPLOT(THETA, RHO) makes a plot using polar coordinates of the 
%   angle THETA versus the radius RHO. THETA must be in degrees, and 
%   must be within the range -180 to +180 degrees. If THETA is within 
%   the range -90 to +90 degrees, the plot will be semicircular. RHO is 
%   assumed to be in decibels and the values may be positive or negative or 
%   both. By default, with no PARAMS argument, rho-axis scaling will be 
determined 
%   automatically using scope knob factors of 1-2-5. By default, 10 
%   ticks will be plotted. Note: Like POLAR, DIRPLOT does not rescale the 
%   axes when a new plot is added to a held graph. 
% 
%   DIRPLOT(THETA, RHO, LINE_STYLE, PARAMS) makes a plot as described above 
%   using the linestyle specified in string LINE_STYLE, and using the rho-
axis 
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%   scaling specified in vector PARAMS. Either of these optional arguments 
may be 
%   used alone. Vector PARAMS is a 3-element row vector defined as 
%   [RHOMAX RHOMIN RHOTICKS]. String LINE_STYLE is the standard MATLAB 
linestyle 
%   string. See PLOT for a description. 
% 
%   HPOL = DIRPLOT(...) returns a handle to the LINE object generated by the 
PLOT 
%   function that actually generates the plot in DIRPLOT. 
%  
%   See also POLAR, PLOT, LOGLOG, SEMILOGX, SEMILOGY. 
%  
%   Rev 1.0, 17 January 2002 
%   Tested in MATLAB v. 6.0 
% 
%   Adapted from The MathWorks POLAR function by 
%   Steve Rickman 
%   sar@surewest.net 
  
if nargin <= 1 
    error('Requires 2, 3, or 4 input arguments.') 
elseif nargin == 2 
    line_style = 'auto'; 
elseif nargin == 3  
    if isnumeric(line_style) 
        params = line_style; 
        line_style = 'auto'; 
    end 
end 
if exist('params') 
    if length(params) ~= 3 
        error('Argument PARAMS must be a 3-element vector: [RHOMAX RHOMIN 
RHOTICKS].') 
    end 
    if params(1) <= params(2) 
        error('Error in PARAMS argument. RHOMAX must be greater than 
RHOMIN.') 
    end 
    if params(3) <= 0 
        params(3) = 1; 
        warning('Error in PARAMS argument. RTICKS set to 1.') 
    end 
end 
if isstr(theta) | isstr(rho) 
    error('THETA and RHO must be numeric.'); 
end 
if ~isequal(size(theta),size(rho)) 
    error('THETA and RHO must be the same size.'); 
end 
if (max(theta) - min(theta)) < 6.3 
    warning('THETA must be in degrees'); 
end 
if min(theta) >= 0 
    warning('Plot is -90 to +90 or -180 to +180 degrees'); 
end 
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if max(abs(theta)) > 180 
    error('Plot is -90 to +90 or -180 to +180 degrees'); 
end 
  
% Get range of theta and set flag for full or half plot. 
if (max(theta)-min(theta)) > 180 | max(theta) > 90 
    fullplot = 1; 
else 
    fullplot = 0; 
end 
  
% Translate theta degrees to radians 
theta = theta*pi/180; 
  
cax = newplot; 
next = lower(get(cax,'NextPlot')); 
hold_state = ishold; 
  
if hold_state & exist('params') 
    warning('Plot is held. New plot parameters ignored') 
end 
  
% get x-axis text color so grid is in same color 
tc = get(cax,'xcolor'); 
ls = get(cax,'gridlinestyle'); 
  
% Hold on to current Text defaults, reset them to the 
% Axes' font attributes so tick marks use them. 
fAngle  = get(cax, 'DefaultTextFontAngle'); 
fName   = get(cax, 'DefaultTextFontName'); 
fSize   = get(cax, 'DefaultTextFontSize'); 
fWeight = get(cax, 'DefaultTextFontWeight'); 
fUnits  = get(cax, 'DefaultTextUnits'); 
set(cax, 'DefaultTextFontAngle',  get(cax, 'FontAngle'), ... 
    'DefaultTextFontName',   get(cax, 'FontName'), ... 
    'DefaultTextFontSize',   get(cax, 'FontSize'), ... 
    'DefaultTextFontWeight', get(cax, 'FontWeight'), ... 
    'DefaultTextUnits','data') 
  
% only do grids if hold is off 
if ~hold_state     
    % make a radial grid 
    hold on; 
    if ~exist('params') 
        rticks = 10; % default ticks 
        lims = findscale(rho,rticks); % get click, rmax, rmin 
        click = lims(1); rmax = lims(2); rmin = lims(3); 
        rngdisp = rmax - rmin; 
    else 
        rmax = params(1); rmin = params(2); rticks = params(3); 
        rngdisp = rmax - rmin; 
        click = rngdisp/rticks;         
    end 
    
    set(cax,'userdata',[rngdisp rmax rmin]); % save variables for added plots 
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    % define a circle 
    th = 0:pi/50:2*pi; 
    xunit = cos(th); 
    yunit = sin(th); 
    % now really force points on x/y axes to lie on them exactly 
    inds = 1:(length(th)-1)/4:length(th); 
    xunit(inds(2:2:4)) = zeros(2,1); 
    yunit(inds(1:2:5)) = zeros(3,1); 
    % plot background if necessary 
    if ~isstr(get(cax,'color')), 
        patch('xdata',xunit*rngdisp,'ydata',yunit*rngdisp, ... 
            'edgecolor',tc,'facecolor',get(gca,'color'),... 
            'handlevisibility','off'); 
    end 
     
    % draw radial circles 
    % angles for text labels 
    c88 = -cos(88*pi/180); 
    s88 = -sin(88*pi/180); 
    c92 = cos(92*pi/180); 
    s92 = sin(92*pi/180); 
     
    for i=click:click:rngdisp 
        tickt = i+rmin; 
        if abs(tickt) < .001 
            tickt = 0; 
        end 
        ticktext = ['' num2str(tickt)]; 
        hhh = plot(xunit*i,yunit*i,ls,'color',tc,'linewidth',1,... 
            'handlevisibility','off'); 
        if i < rngdisp 
            text(i*c88,i*s88, ... 
                ticktext,'verticalalignment','bottom',... 
                'handlevisibility','off','fontsize',8) 
        else 
            text(i*c88,i*s88, ... 
                [ticktext,' dB'],'verticalalignment','bottom',... 
                'handlevisibility','off','fontsize',8) 
        end 
        if fullplot 
            if i < rngdisp 
                text(i*c92,i*s92, ... 
                    ticktext,'verticalalignment','bottom',... 
                    'handlevisibility','off','fontsize',8) 
            else 
                text(i*c92,i*s92, ... 
                    [ticktext,' dB'],'verticalalignment','bottom',... 
                    'handlevisibility','off','fontsize',8) 
            end             
        end 
    end 
    set(hhh,'linestyle','-') % Make outer circle solid 
     
    % plot spokes at 10 degree intervals 
    th = (0:18)*2*pi/36; 
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    cst = cos(th); snt = sin(th); 
    cs = [-cst; cst]; 
    sn = [-snt; snt]; 
    plot(rngdisp*cs,rngdisp*sn,ls,'color',tc,'linewidth',1,... 
        'handlevisibility','off') 
     
    % label spokes in 30 degree intervals 
    rt = 1.1*rngdisp; 
    for i = 1:3:19 
%         text(rt*cst(i),rt*snt(i),[int2str(90-(i-1)*10),'^o'],... 
%             'horizontalalignment','center',... 
%             'handlevisibility','off');  
     
         text(rt*cst(i),rt*snt(i),[int2str(90-(i-1)*10),'^o'],... 
             'horizontalalignment','center',... 
              'handlevisibility','off');  
     
    end 
    if fullplot 
        for i = 3:3:6 
            text(-rt*cst(i+1),-rt*snt(i+1),[int2str(-90-i*10),'^o'],... 
                'horizontalalignment','center',... 
                'handlevisibility','off');  
        end 
        for i = 9:3:15 
            text(-rt*cst(i+1),-rt*snt(i+1),[int2str(270-i*10),'^o'],... 
                'horizontalalignment','center',... 
                'handlevisibility','off');  
        end         
    end 
     
    % set view to 2-D 
    view(2); 
    % set axis limits 
    if fullplot 
        axis(rngdisp*[-1 1 -1.15 1.15]); 
    else 
        axis(rngdisp*[-1 1 0 1.15]);         
    end 
end 
  
if hold_state 
    v = get(cax,'userdata'); 
    rngdisp = v(1); 
    rmax = v(2); 
    rmin = v(3); 
end 
         
% Reset defaults. 
set(cax, 'DefaultTextFontAngle', fAngle , ... 
    'DefaultTextFontName',   fName , ... 
    'DefaultTextFontSize',   fSize, ... 
    'DefaultTextFontWeight', fWeight, ... 
    'DefaultTextUnits',fUnits ); 



 

165 
 

  
% transform data to Cartesian coordinates. 
% Rotate by pi/2 to get 0 degrees at top. Use negative 
% theta to have negative degrees on left. 
xx = (rho+rngdisp-rmax).*cos(-theta+pi/2); 
yy = (rho+rngdisp-rmax).*sin(-theta+pi/2); 
  
% plot data on top of grid 
if strcmp(line_style,'auto') 
    q = plot(xx,yy); 
else 
    q = plot(xx,yy,line_style); 
end 
if nargout > 0 
    hpol = q; 
end 
set(gca,'dataaspectratio',[1 1 1]), axis off; set(cax,'NextPlot',next); 
set(get(gca,'xlabel'),'visible','on') 
set(get(gca,'ylabel'),'visible','on') 
  
% Subfunction finds optimal scaling using "scope knob" 
% factors of 1, 2, 5. Range is limited to practical 
% decibel values. 
function lims = findscale(rho, rticks) 
    clicks = [.001 .002 .005 .01 .02 .05 .1 ... 
              .2 .5 1 2 5 10 20 50 100 200 500 1000]; 
    lenclicks = length(clicks); 
    rhi = max(rho); 
    rlo = min(rho); 
    rrng = rhi - rlo; 
    rawclick = rrng/rticks; 
    n = 1; 
    while clicks(n) < rawclick 
        n = n + 1; 
        if n > lenclicks 
            close; 
            error('Cannot autoscale; unrealistic decibel range.'); 
        end 
    end 
    click = clicks(n); 
     
    m = floor(rhi/click); 
    rmax = click * m; 
    if rhi - rmax ~= 0 
        rmax = rmax + click; 
    end  
    rmin = rmax - click * rticks; 
     
    % Check that minimum rho value is at least one tick 
    % above rmin. If not, increase click value and 
    % rescale. 
    if rlo < rmin + click 
        if n < lenclicks 
            click = clicks(n+1); 
        else 
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            error('Cannot autoscale; unrealistic decibel range.'); 
        end 
         
        m = floor(rhi/click); 
        rmax = click * m; 
        if rhi - rmax ~= 0 
            rmax = rmax + click; 
        end 
        rmin = rmax - click * rticks; 
    end 
    lims = [click rmax rmin]; 
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 APPENDIX   C -  "360° ANTENNA" REPORT
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