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The purpose of this research was to determine which of the commonly used 

wireless telecommunication site concealment materials has the least effect on signal 

potency.  The tested materials were Tuff Span® fiberglass panels manufactured by 

Enduro Composite Systems, Lexan® XL-1 polycarbonate plastic manufactured by GE 

Corporation and Styrofoam™ polystyrene board manufactured by The Dow Chemical 

Company.  Testing was conducted in a double electrically isolated copper mesh screen 

room at the University of North Texas Engineering Technology Building in Denton, 

Texas. Analysis of the data found no differences exist between the radio frequency 

transmissiveness of these products at broadband personal communication service 

frequencies.  However, differences in the signal do exist with regards to the angle of 

incidence between the material and the transmitting antenna.   
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CHAPTER 1 

INTRODUCTION 

 
The growth and popularity of mobile communication requires the installation of 

transmission towers in diverse locations.  Wireless service providers are increasingly 

required to camouflage or screen tower placements to hide them from public view.  In 

fact, many municipalities require the use of such “aesthetically pleasing” structures to 

maintain the beauty of their skylines.  Radio frequency (RF) waves are a form of 

electromagnetic waves used in the communication bandwidths defined by the Federal 

Communications Commission (FCC) [44].  Companies have emerged in the 

telecommunication marketplace selling site concealment solutions that use polycarbonate 

plastic in sheet-stock form like Lexan®, manufactured by GE Corporation; glass 

reinforced polyester sheet-stock like Tuff Span® fiberglass manufactured by Enduro 

Composite Systems; and polystyrene foam sheet-stock like Styrofoam™ manufactured 

by The Dow Chemical Company. 

Issues and questions surrounding the subject of RF site concealment will be 

explored to formulate hypotheses concerning which material has better RF penetration.  

Answers to questions like, “Which product should be used to affect maximum RF 

penetration with minimal costs for my site?” will be addressed and answered.  Using 

certain limitations and assumptions, the expectation is to show polystyrene foam as the 

clear choice for concealment products in personal communication services (PCS) 

frequency levels. 
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Purpose of the Study 

Known optimization of transmission signals through materials aids in site 

selection, tuning and maintenance, increasing the efficiency of the network and reducing 

the overall number of sites required to meet capacity.  The purpose of this research is to 

determine which of the most commonly used site concealment materials (Styrofoam, 

Lexan and Tuff Span) has the least effect on signal potency. 

Statement of the Problem 

The problem is optimizing RF propagation at broadband PCS frequencies through 

polycarbonate plastic in sheet-stock form (Lexan), glass reinforced polyester sheet-stock 

(Tuff Span) and polystyrene foam sheet-stock (Styrofoam) to provide concealment of 

tower mounted telecommunication sites.   

Significance of the Study 

The study should show superior RF propagation through polystyrene over other 

types of products, affecting the sales and marketing programs of companies that do not 

deal in polystyrene.  RF engineers will have concrete evidence to support their choice of 

concealment products and will be able to show advantages and disadvantages of 

competing concealment types.  Average base site construction costs, excluding radio 

equipment, are $175,000.  In addition, average concealment costs per site range from 

$5,000 to $100,000, which is 3% to 57% of the base construction cost for a concealment 

site.  The results of this study may reduce these concealment costs, or at least reduce the 

range of costs used for budgeting of site construction. 
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Research Questions 

There are two research questions addressed in this study and defined below for 

hypothesis testing: 

1. Question: Which product has the least effect on electromagnetic wave 

propagation; Lexan, Tuff Span or Styrofoam? 

Null: There is no difference in signal transmission through Styrofoam, Lexan 

and Tuff Span panels at PCS frequency levels.  

Ho1: µTst  = µTlx  = µTts 

Alternative: There is a difference in signal transmission through at least two of 

the materials at PCS frequency levels.  

Ha1: µTst  ≠  µTlx  ≠  µTts 

2. Question: Does the angle of incidence to the material affect the propagation 

loss difference between materials? 

Null: There is no difference in signal transmission at various angles through 

Styrofoam, Lexan and Tuff Span panels at PCS frequency levels.  

Ho1: µTΘst  = µTΘlx  = µTΘts 

Alternative: There is a difference in signal transmission in at least two of the 

angles through Styrofoam, Lexan and Tuff Span panels at PCS frequency 

levels. 

Ha1: µTΘst  ≠  µTΘlx  ≠  µTΘts 
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Assumptions 

Equipment used was within calibration standards and did not stray from 

calibration during testing.  Loads, shorts and other electronic standards used during 

testing were also within calibration standards.  Test results are assumed as consistent, 

valid, reliable and reproducible.  Temperature and the A/C power supply remained 

constant throughout testing.  The screen room filtered out transient RF and 

electromagnetic waves to an acceptable level.  Time of testing was not an issue as tests 

were performed in a controlled environment.  Transmission power levels were held 

constant during testing.  Statistical expert help was provided by Dr. Robert L. Getty and 

was sought to prove accuracy of the data.  Materials used and tested are assumed to be 

within specifications and standards of the manufacturer and are free from defects. 

Limitations 

The research performed for this study was limited to the licensed broadband PCS 

spectrum as defined by the FCC, which covers 1850 – 1990 MHz.  Literature review was 

confined to the libraries of the University of North Texas (electronic resources included), 

the libraries of the University of Texas at Dallas and the Internet as of May 15, 2002.      

Facilities and test equipment were limited to those available within budget and within the 

Dallas-Fort Worth Metroplex.  Tests were conducted in a screen room.  National 

Instrument’s LabVIEW® software was used to gather test information [32]. 
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CHAPTER 2 

REVIEW OF LITERATURE 
 

Supported by a thorough review of literature, different types of wireless 

communication systems are regulated by the Federal Communications Commission 

(FCC) and used in our everyday lives.  Cellular and personal communication services 

(PCS) are the two most popular types of services.  Providers (or operators) require tower 

and rooftop sites to affect market penetration of their systems and offer service to over 30 

million mobile and portable telephone subscribers in the United States [11][46].  The 

number of sites required for each type of service is based upon the type of transmission 

platform used, e.g. code division multiple access (CDMA), time division multiplexing 

access (TDMA) or global system for mobile communications (GSM) and the number of 

users in a particular region [29].  Generally, low powered transmitters are inherent to PCS 

systems, which lose radiated power when loaded.  As more users are added to a system, 

the power radiated from the cell site is reduced and more sites are required to fill in the 

gaps caused by subscriber growth [29][45].   

  The increase in base station construction of both tower and rooftop sites has 

increased public awareness of wireless sites.  Communities are concerned about radio 

frequency (RF) emission safety and the visual affects of telecommunication sites and 

antennas on their skylines.  The FCC published a manual for local and state authorities to 

clear the myths and misnomers of RF emission safety in June of 2000 [29].  However, 

skyline aesthetics is still an issue for municipalities [37].  Cities increasingly issue 
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antenna moratoriums and require the use of concealed or “stealth” sites, camouflaged to 

match the surroundings [46]. 

Wireless carriers must use creative ways to conceal sites and not degrade the 

potency of their RF signals.  The most popular site concealment types involve using glass 

reinforced polyester sheet-stock, polycarbonate plastic in sheet-stock form or polystyrene 

foam sheet-stock painted and formed to look like stucco, brick or other structures that 

blend into the surrounding environment [31] [34] [40].  The materials chosen for testing 

in this study are Lexan®, manufactured by GE Corporation, Tuff Span® fiberglass 

manufactured by Enduro Composite Systems and Styrofoam™ manufactured by The 

Dow Chemical Company.  The characteristics of interest of these materials pertain to 

their optical and electrical properties listed in Table 1 [16] [18] [19] [21]. 

Table 1. 
Refractive and dielectric constants for tested materials. 

 
Material Property Method Tuff Span Lexan Styrofoam 

Refractive Index, 

unitless 

ASTM D 542 1.46 1.586 1.54 

Dielectric Constant, 1 

GHz, unitless 

ASTM D 150 4.8 2.96 2.5 

 

Researchers at Ohio State University Electro-Science Laboratory (OSU ESL) 

have tested similar materials and found that Tuff Span and Lexan degrade the signal 

400% more in operating frequencies than Styrofoam panels at PCS frequencies.  OSU 

ESL did not, however, complete any modeling or research on why this phenomenon 
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occurs or test the entire PCS bandwidth.  The OSU ESL study will be used as a 

comparison study for the purposes of this thesis.  The results of the OSU ESL study 

should be confirmed through this study [33]. 

Electromagnetic Wave Propagation 

Wireless communication systems use free-space propagation of electromagnetic 

waves to affect transmission of their respective systems.  Free-space propagation for the 

purpose of this study is propagation through Earth’s atmosphere, not through a vacuum.  

The difference is in signal loss through the Earth’s atmosphere, which is not encountered 

in a vacuum.  Basic transmission loss, or path loss, is the signal attenuation between a 

transmitter and receiver due to separation and multi-path (scattering). Basic transmission 

loss determines the range of a wireless link. Basic transmission loss is illustrated in 

Figure 1 [7] with a corresponding loss formula shown in Equation 1. 

Transmitter Receiver

Antenna Gain, GT Antenna Gain, GR

PTI PRI

Transmit Power, PT Receive Power PR

Feeder Loss, LT Feeder Loss, LR

Path Loss, L

 

Fig. 1.  System path loss. 



 8 

The path loss, L, can be found through the following relationship: 

LR - LT - PR - GR  GT  PT  L ++=     (1) 

Where L = path loss (dBm) 

PT = transmit power (dBm) 

PTI = transmit power interface 

PR = receive power (dBm) 

PRI = receive power interface 

GT = transmit antenna gain (dBm) 

GR = receive antenna gain (dBm) 

LT = transmit feeder or transmission cable loss (dBm) 

LR = receive feeder or transmission cable loss (dBm) 

The free space path loss or atmospheric path loss is given by the following 

equation: 

La = -32.45 + 20 * log (freq) + 20 * log (dist) (2) 

Where La = atmospheric path loss (dBm)  

freq = frequency (MHz) 

dist = distance (km) [7].   

The path loss for the system configuration of this study gives an averages path 

loss of 19.463 dBm.  The calculations used to determine the atmospheric path loss are 

shown in Appendix E. 

To propagate radio waves through Earth’s atmosphere, the energy must be 

radiated from the source (antenna), and captured at the receiver end (another antenna.)  

Figure 2 shows a point source, several rays propagating from it, and the corresponding 
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wavefront.  Although not a perfect source, an omni-directional antenna is a good example 

of a point source [10]. 

Point Source

Radius R

 

Fig. 2.  Wavefront from a point source. 

 

Power density is the rate at which energy passes through a surface area in free 

space.  Field intensity is the magnitude of electric and magnetic fields of an 

electromagnetic wave propagating in free space [42].  Power density and field intensity 

are related according to Equation 3 shown below: 

P = E * H  W/m2      (3) 

Where  P = power density (watts per meter squared) 

E = rms electric field intensity (volts per meter) 

H = rms magnetic field intensity (ampere-turns per meter) 

 

The electric and magnetic field intensities of an electromagnetic wave in free 

space are related through the characteristic impedance (resistance) of free space, which is 

377 ohms [8] [42]: 
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Wavefront 2

Point
source

Wavefront 1
Ray A

R1 R2

Ray B
Ray C

 

Fig. 3.  Spherical wavefront from a point source. 

Mathematically, the power density at any point on a spherical wavefront is: 

 

P a= 2
rad

R4
P
π

     (4) 

Where  Prad = total power radiated (watts) 

R = radius of the sphere (which is equal to the distance from any point on  

the surface of the sphere to the source) 

4pR2 = area of the sphere 

The power density relationship shown above means the farther the wavefront 

moves from the source, the smaller the power density.  The total power distributed over 

the surface of the sphere remains the same.  However, because the area of the sphere 

increases in direct proportion to the distance from the source squared, the power density 

is inversely proportional to the square of the distance from the source [42].  The ratio of 
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the power densities from wavefront 1 and wavefront 2 gives the following refined 

equation: 

2

2

1








=

R
R

2

1

P
P      (5) 

The inverse square law of radiation shows that as the distance from the source 

doubles, the power density decreases by a factor of 22 or 4 [10]. 

 

Wave Properties of Radio Waves 

As waves propagate through free-space they spread out, resulting in a reduction in 

power density.  This reduction is called attenuation.  The reduction in power density with 

distance is equivalent to a power loss and is commonly called wave attenuation.  Because 

the attenuation is due to the spherical spreading of the wave, it is sometimes called the 

space attenuation of the wave.  Wave attenuation is generally expressed in terms of the 

common logarithm of the power density ratio (dB loss) [41] [42].  The small distances 

encountered in this study make attenuation negligible.  However, wave attenuation (γa) is 

defined as: 









=

2

1

P
P

log10aγ     (6) 

The absorption of radio waves by tiny particles like water vapor and dust in the 

atmosphere is called absorption loss.  Absorption of radio frequencies in a normal 

atmosphere depends on frequency and is relatively insignificant below approximately 10 

GHz, not interfering in this study at 1.9 GHz [42]. 
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Optical Properties of Radio Waves 

Radio waves also have optical properties, which mean they are subject to 

refraction, reflection, diffraction and interference as light waves are.  Refraction is how 

waves bend around objects, reflection is how they bounce, diffraction is how they scatter 

and interference is collision.  All of these phenomena can be explained through the use of 

Maxwell’s equations and geometric ray tracing [27] [41]. 

Refraction through materials is governed by Snell’s law, which includes the angle 

of incidence (Θ1), angle of reflection (Θ3), angle of refraction (Θ2) and the refractive 

indexes of the two materials being met (n1 and n2) as seen in Figure 4 [41].   

Θ

n

Θ

Θ

n

1

21

3

2

 

Fig. 4. Snell’s Law of reflection and refraction. 

The amount of bend ing or refraction that occurs at the interface of two materials 

depends on the refractive indexes of the materials: 

   
v
c

n =        (7) 

Where  n = refractive index (unitless) 

c = speed of light in free space (3 X 108 m/s) 

v = speed of light in a given material (meters per second) 
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Snell’s law uses refractive indexes to show how an electromagnetic wave reacts 

when it meets the interface of two transmissive materials with different indexes [41]: 

3211 sinnsinn Θ=Θ      (8) 

Where  n1 = refractive index of material 1 (unitless) 

 n2 = refractive index of material 2 (unitless) 

 Θ1 = angle of incidence (degrees) 

Θ2 = angle of reflection = angle of incidence (degrees) 

 Θ3 = angle of refraction (degrees) 

and since the refractive index of a material is equal to the square root of its 

dielectric constant: 

1

2

3

1

sin
sin

r

r

ε
ε

=
Θ
Θ

    (9) 

Where  εr1 = dielectric constant of medium 1 (unitless) 

 εr2 = dielectric constant of medium 2 (unitless) 

As waves enter from air into a medium, they are bent towards the normal.  When 

waves leave the medium and re-enter air, the waves are bent back, away from the normal, 

to their original trajectory.  For the purposes of this study, refraction will not be a 

contributing loss factor as the signal will pass from air to the medium and back to air 

continuing its original trajectory [41]. 

The reflection of radio waves occurs when an incident wave strikes a boundary of 

two media and some or all of the incident power does not enter the second material.  The 

waves that do not penetrate the second medium are reflected.  Because all the reflected 
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waves remain in medium 1, the velocities of the reflected and incident waves are equal.  

Consequently, the angle of reflection equals the angle of incidence [42].   

For the purpose of this study, the transmission line approach to compute reflected 

and transmitted waves will be used [8] [25], which is illustrated below in figure 5.   

x

Θ

Θ

Θ

y

z

TESTED
MATERIAL

Material
Incident

Reflected

-w

Transmitted
AirAir

ZaZin

ZaZwZa
Standing Wave

0
 

Fig. 5. Transmission line approach to compute reflected and transmitted waves. 

 

The impedance difference between air and the material is characterized by the 

following relationship [8]. 









+
+

=
wBjZwBZ
wBjZwBZ

ZZ
wLww

wwwL
win sincos

sincos

    (10) 
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Where Zin = input impedance to the dielectric medium (? ) 

Zw = impedance of the dielectric medium (? ) 

ZL = load impedance, which in this case is Za (? ) 

Za = characteristic impedance of air (? ) 

w = thickness of the dielectric material (meters) 

Βw = wavenumber along x of the material (unitless) 

 and  www kB Θ= cos      (11) 

Where Θw = the angle of incidence with the dielectric in degrees 

 and  rw cv
k ε

ωω








==      (12) 

for the harmonic time dependence at frequency f = ω/2π .  The wavelength 

relationship with the wavenumber, kw is defined by λw = 2π/kw [8]. 

The ratio of the reflected to the incident voltage intensities is called the reflection 

coefficient, (Γ).  For a perfect conductor, Γ = 1 [42].  The reflection coefficient is a 

function of the incident and reflected voltage intensities and the incident and reflected 

phases as: 

( )ir

i

r
j

i

r
j

i

j
r e

E
E

eE
eE Θ−Θ

Θ

Θ

===Γ     (13) 

 
Where  Γ = reflection coefficient (unitless) 

 Ei = incident voltage intensity (volts) 

 Er = reflected voltage intensity (volts) 

 Θi = incident phase (degrees) 
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 Θr = reflected phase (degrees) 

The reflection coefficient can also be expressed as the following ratio relating the 

impedance differences between air and the dielectric material [8]: 

ZZ
ZZ

in

in

+
−

=Γ      (14) 

 

Where Zin = input impedance to the dielectric medium 

 Z = wave impedance for air = 377 Ω. 

The transmission coefficient of the electric field is given by Τ = 1 + Γ.  The 

reflection coefficient is positive for Θ = 0º and approaches -1 at Θ = 90º.  In going from a 

positive to a negative value, Γ passes through zero, meaning no signal is reflected, at 

Brewster’s angle, ΘB , which can be found from the expression: 

rB εarctan=Θ     (15) 

Brewster’s angle can be used to explain how transmission can actually get better 

as the angle of incidence increases for certain dielectric materials [8] [41].  The 

Brewster’s angles for the materials in this study were calculated and are shown in Table 2 

below: 

Table 2. 
Brewster’s angle for tested materials with dielectric constants restated. 

 
εr Θ B 

Styrofoam 2.5 57.68847
Lexan 2.96 59.83321
Tuffspan 4.8 65.46636  

Diffraction is the modulation or redistribution of energy within a wavefront when 

it passes near the edge of an opaque object.  Diffraction is what allows waves to 
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propagate around corners.  As the wavefront passes the object, the waves scatter or 

diffract around the object, like light spreading around the edge of a door opened in a dark 

room.  Diffraction can be explained using Huygen’s principle, which is derived from 

Maxwell’s equations.  Huygen’s principle says that every point on a given spherical 

wavefront can be considered a secondary point source of electromagnetic waves from 

which other secondary waves are radiated outward [41] [42].  However, diffraction will 

be negligible as testing will be completed through transmissive, not opaque materials and 

the transmission angles to the edges of the materials will be large.  The transmission 

angles for this project are illustrated in Figure 6.  The antennas used for this study have a 

vertical beamwidth of 36º +/- 5º [12].  For diffraction to be a factor, the transmit antenna 

would need a vertical beamwidth greater than 150º, so no diffraction will enter this study. 

24.00"

6.00"

151.84°

TESTED
MATERIAL

 

Fig. 6.  Diffraction angle of tested materials. 
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Radio wave interference occurs when two or more electromagnetic waves 

combine in such a way that system performance is degraded.  Since these waves 

combine, they can be explained through the use of linear superposition theory, which 

states the total voltage intensity will be the sum of the individual wave vectors.  For 

relatively large wavelengths, which are frequencies below VHF levels or 30 MHz, 

interference is not a significant problem [42].  However, in the UHF bands interference 

can be a problem and will be minimized through the use of an indoor screen room and a 

climate controlled environment [28]. 

Software 

National Instrument’s LabVIEW® software was used for this research project 

[32].  LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench) is a 

graphical programming language that has been adopted throughout industry, academia 

and government laboratories as the standard for data acquisition and instrument control 

software [9].  A LabVIEW program was developed using existing instrument drivers 

from the National Instrument’s Web site and creating additional new instrument drivers 

for data acquisition and instrument control in this research.  The program is included in 

Appendix A and explained in detail in Chapter 3 of this paper. 
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CHAPTER 3 

METHODOLOGY 

The research method employed was experimental.  The losses associated with the 

testing model and the wave and optical characteristics of the signal can be calculated for 

all of the source materials and angles of incidence given the theories identified in Chapter 

2.  The calculated losses through the materials are summarized in Table 3: 

Table 3. 
Calculated losses for materials and angles of incidence. 

 
 90º 60º 30º 0º -30º -60º -90º 
Air -52.6936 -46.0269 -43.4116 -42.6936 -43.4116 -46.0269 -52.6936 
Styrofoam -52.6936 -45.7641 -43.1094 -43.0023 -43.1094 -45.7641 -52.6936 
Lexan -52.6936 -45.9818 -43.359 -42.7476 -43.359 -45.9818 -52.6936 
Tuff Span -52.6936 -45.9257 -43.2945 -42.8131 -43.2945 -45.9257 -52.6936 

 

Lexan® is manufactured by GE Corporation.  Tuff Span® fiberglass is 

manufactured by Enduro Composite Systems.  Styrofoam™ is manufactured by The Dow 

Chemical Company. 

The loss differences from the baseline or air are shown in Table 4: 

Table 4. 
Calculated differences from free space path loss. 

 
 90º 60º 30º 0º -30º -60º -90º 

Air 0 0 0 0 0 0 0 
Styrofoam 0 0.262856 0.302198 -0.30873 0.302198 0.262856 0 
Lexan 0 0.045119 0.052587 -0.05394 0.052587 0.045119 0 
Tuff Span 0 0.101239 0.117027 -0.11953 0.117027 0.101239 0 
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Fig. 7.  Calculated path loss values vs. angle of incidence. 

Research Design 

The data collected pertained to power loss through commonly used materials in 

tower concealment.  A baseline test was conducted to determine the loss through the 

atmosphere, or free space at the varied source angles as shown in Figure 7.  Power 

transmission levels were set at a constant level of 10 dB for all testing.  Testing was 

completed in an indoor screen room, described below, in a controlled environment so as 

to minimize transient radio frequency (RF) signals and diminish the effects of time-of-

day, temperature, relative humidity and foreign particles.  Temperature and relative 

humidity were recorded and remained constant throughout testing. 

Material tests were conducted at the various source angles at 5 MHz intervals 

through the Federal Communications Commission (FCC) defined broadband personal 

communication services (PCS) bandwidth of 1850 – 1990 MHz.  Statistics was used to 
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explain power loss characteristics over the entire range of the bandwidth.  Forty 

measurements were taken at each frequency level and angle level over five trials, for a 

total of 162,400 samples.  The signal measurements give a complex, sinusoidal 

waveform.  Mean signal strength is taken as the average of these readings over the entire 

bandwidth.  A two-factor Analysis of Variance (ANOVA) table without replication was 

constructed to test equivalency and variance of angle of incidence and material [14].   

Angular testing was completed by changing the transmitting antenna’s azimuth, 

or angle of incidence through seven different stations, then completing the required 

frequency and trial sampling.  Angles were permanently marked on the antenna mount 

bases.  These stations are shown in Figure 8 below: 

TRANSMIT ANTENNA

0° 30°
60°

90°

-30°
-60°

-90°

RECEIVE ANTENNA

       

Fig. 8.  Angles of incidence tested per trial. 

Figure 9 shows the overhead view of the screen room during testing.  The 

distances shown in Figure 9 of 6 inches (0.1524 m) to material and 87 inches (2.2098 m) 

to receive antenna are due to simulation of the real world site design and size constraints 

of the screen room.  Antennas are placed within 20 inches (0.5 m) of the concealment 

material when installed on a telecommunication tower [31] [35] [37].  The 87 inch 

distance from the transmit antenna to the receive antenna was maximized to the 
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constraint of the screen room, which has interior dimensions of 119” (3.0226 m) length 

by 118” (2.9972 m) width and 97 3/4” (2.4828 m) height.  Material and antenna mount 

locations are marked on the floor to ensure reproducibility of antenna and material 

location for all testing. 

 

119.00"

16.00" 16.00"

6.00"

87.00"
118.00"

59.00"

TRANSMIT
ANTENNA

RECEIVE
ANTENNA

TESTED
MATERIAL

 

Fig. 9.  Overhead view of screen room testing layout. 

Figure 10 shows the side view of the screen room dimensioned with the antenna 

height and material placement during testing.  Antenna height was marked on the antenna 
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mount support to ensure reproducibility of height location for all tests.  All materials 

tested were 4’ x 8’ (1.2192 m x 2.4384 m) sheet stock and had mounting holes drilled to 

the same dimensions to ensure repeatability of material locations during testing. 

 

97.75"

118.00"

24.00"

6.00"
16.00"

151.84°

TESTED
MATERIAL

 

Fig. 10.  Side View of Screen Room Testing Layout. 
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Materials 

The tested materials were Tuff Span® fiberglass panels manufactured by Enduro 

Composite Systems, standard size 4’ x 8’ x 0.093” (1.2192m x 2.4384m x 0.0024m); 

Lexan® XL-1 polycarbonate plastic manufactured by GE Corporation , standard size 4’ x 

8’ x 0.093” (1.2192m x 2.4384m x 0.0024m); and Styrofoam™ polystyrene board 

manufactured by The Dow Chemical Company, standard size 4’ x 8’ x 0.75” (1.2192m x 

2.4384m x 0.0191m).  The materials and thicknesses used simulate real-world 

applications.  The optical and electrical properties of these materials were listed in Table 

1 of Chapter 1. 

The mounts for the antennas and material support were assembled from PVC 

materials and fastened using brass screws to plywood bases measuring 2’ x 2’ x 0.75” 

(0.6096m x 0.6096m x 0.0191m).  PVC and wood have low RF penetration rates and are 

accepted as RF transmissive materials.  However, due to durability considerations when 

subjected to the elements, these materials are not suitable for tower concealment.  They 

are used in this study because they are cheap, readily available, easily assembled and 

induce minimal interference to the study. 

 

Equipment 

The screen room was donated to the University of North Texas and was 

manufactured by Lindgren RF Enclosures.  The copper screen enclosure is patented by 

Lindgren RF Enclosures using a double electrically isolated (DEI) modular enclosure.  

The screen room is made of 22ga x 22ga x 0.015” copper mesh that is specified to shield 

from 90-100 dBm of external signal / noise [28].  The screen room was spot tested after 
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assembly and returned an average shielding loss of 84.05 dBm.  The enclosure has 

interior dimensions of 119” (3.0226 m) length by 118” (2.9972 m) width and 97 3/4” 

(2.4828 m) height. 

The antennas used were DB770TB5NPXS indoor directional PCS antennas 

manufactured by Decibel Products.  The operating frequencies of these antennas are 806 

– 2200 MHz [12], which includes the broadband PCS frequencies of 1850-1990 MHz.  

According to manufacturer’s specifications, the antennas have a gain of 6.3 dBd and 8.4 

dBi with a horizontal beamwidth of 70º ± 10º and a vertical beamwidth of 36º ± 5º.  

David Shelton with AT&T Wireless Services states that antenna polarization is not an 

issue at PCS frequencies, and will thus not be discussed. 

The transmission cables used were constructed of FSJ4-50B, ½” Superflex™ 

foam dielectric, 50 ohm cable manufactured by Andrew Corporation [5].  Connectors 

used on the cables were type-N male, 16N-50-9-6 (90º) and 11N-50-9-9 connectors 

manufactured by Huber-Suhner [26].  The cables were assembled according to the 

manufacturer’s specifications and tested using the Site Master™ S331-B cable and 

antenna ana lyzer manufactured by Anritsu [6].  The results of the cable testing can be 

found in Appendix G.  The cable assemblies contributed a signal loss of 3.57 dBm upon 

testing, which is within the manufacturer’s specifications. 

The transmitted signal was generated using an Agilent 8648C Synthesized Signal 

Generator supplied by the University of North Texas.  The 8648C generates signals from 

9 kHz to 3200 MHz and was equipped with an IEEE 488.2 port for external programming 

[23].  The equipment was within calibration at the time of testing and the calibration 

certificate can be found in Appendix F. 
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The signal was received by an Agilent E4402B ESA-E Series Spectrum Analyzer 

supplied by the University of North Texas.  The E4402B receives input from 30 Hz to 3.0 

GHz and was equipped with an IEEE 488.2 port for external programming [1] [2] [3].  

The equipment was within calibration at the time of testing and the calibration certificate 

can be found in Appendix F. 
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LabVIEW® Software 

  The LabVIEW software used for this research project was a compilation of 

Instrument Drivers downloaded from the National Instrument’s Web site and associated 

code created specifically for this project [9] [32].  A LabVIEW virtual instrument (VI) is 

roughly equivalent to a subroutine program. A VI can be standalone, or called by another 

VI, in which case, it is defined as a subVI.  A VI has both a diagram (or program) and a 

front panel (user interface). SubVIs and instrument drivers were used to create the front 

panel of Thesis Prop.vi, which is shown in Figure 11 below: 

 

Fig. 11.  Front panel of Thesis Prop.vi. 

Thesis Prop.vi is the only LabVIEW software program shown in Appendix A and 

the development of the software was part of this research project.  The front panel 

requires user input to set the Start Frequency, Stop Frequency, Frequency Units, Testing 

Interval, and GPIB or VISA port identification number for the instrument.  These inputs 

are used to compute the number of iterations the total program must run to complete the 

testing routine.  The signal generation routine waits for the required number of samples to 

be taken at each frequency from the Spectrum Analyzer portion of the program. 



 28 

The Signal Generator is controlled by a subVI, called HP8648A Application 

Function.vi.  Although many possible inputs to this application are possible, for this 

project only the inputs noted in Figure 11 are passed to the application.  The remainder of 

the inputs is left at the default level for the Agilent 8648C. 

The Spectrum Analyzer portion of the program requires user input to set the 

frequency limits for the display through Start Frequency, Stop Frequency, Frequency 

Units, the number of samples per frequency, and GPIB or VISA port identification 

number for the instrument.  The user inputs are used to initialize the instrument and 

format the data read during testing.  Simultaneously with the initialization of the 8648C, 

the E4402B Spectrum Analyzer is initialized through the subVI E4402B Configure 

Frequency.vi. 

The Standard Commands for Programmable Instrumentation (SCPI) 

programming language defines a standard set of commands to control programmable test 

and measurement devices in instrumentation systems [4].  After initialization, the testing 

routine is entered where SCPI programming language is used to set the marker peak 

function of the instrument and query for the results of the peak.  These peaks are stored in 

an array and passed to the last subVI of the program, Write To Spreadsheet File.vi, which 

prompts the user for a filename.  The file naming convention used for this project is 

illustrated in field notes and sample test logs found in Appendix B.     

During testing, Thesis Prop.vi was executed in single-run mode and files saved 

for each angle of incidence and experiment trial.  These files were imported into a 

spreadsheet program and the data points were refined to statistically significant 

representations of the data. 
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CHAPTER 4 

ANALYSIS AND RESULTS 

The National Instrument’s LabVIEW® program shown in Appendix A was used 

to record samples at each marker peak from the Spectrum Analyzer.  Appendix C 

contains a sample experimental data table.  A database was created and contained the 

following spreadsheets: Master, Air, Styrofoam, Lexan and Tuff Span.  Each output data 

file was moved into its respective material spreadsheet in the database according to 

material, angle of incidence and test trial.  Test iterations were averaged over the entire 

bandwidth according to the mean signal strength method [43].  Each material was tested 

for equivalency of means using ANOVA tables and F-testing [14].  Table 5 is a summary 

of all of the test data showing the air baseline and the material results.  Individual 

ANOVA tables for each materia l tested, showing continuity, are included in Appendix D.   

Table 5. 
Material test results vs. angle of incidence. 

 
 -90 -60 -30 0 30 60 90 
Air -45.39 -43.76 -41.99 -38.88 -38.73 -44.16 -46.93 
Styrofoam -46.24 -43.85 -41.63 -39.00 -38.75 -44.38 -46.67 
Lexan -44.72 -44.19 -42.80 -38.98 -39.41 -43.04 -46.25 
Tuff Span -44.98 -44.05 -43.23 -40.06 -40.39 -43.19 -46.31 

 

Lexan® is manufactured by GE Corporation.  Tuff Span® fiberglass is 

manufactured by Enduro Composite Systems.  Styrofoam™ is manufactured by The Dow 

Chemical Company. 

A graphical representation of the test results are shown in Figure 12. 
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Fig. 12. Tested path loss values vs. angle of incidence. 

A two-factor ANOVA table test without replication was completed to test both 

hypotheses of the study, which is shown in Table 6.    

 

Table 6. 
ANOVA table of test results. 

 
ANOVA: Two-Factor Without Replication    
       

SUMMARY Count Sum Average Variance   
Air 7 -301.2473 -43.03533 10.27878   

Styrofoam 7 -300.5235 -42.93192 10.41784   
Lexan 7 -299.3856 -42.76936 7.264663   

Tuff Span 7 -302.2207 -43.17438 5.211048   
       

-90 4 -182.0548 -45.5137 0.604063   
-60 4 -176.3018 -44.07545 0.028004   
-30 4 -169.6223 -42.40558 0.542579   
0 4 -156.888 -39.222 0.320548   

30 4 -157.4762 -39.36904 0.543796   
60 4 -175.206 -43.80151 0.632731   
90 4 -185.8278 -46.45695 0.043517   
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ANOVA       
Source of Variation SS df MS F p-value F crit 
Material 0.612 3 0.204176 0.487864 0.695002 3.1599 
Angle of Incidence 191.5 6 31.9168 76.26287 8.18E-12 2.6613 
Error 7.533 18 0.41851    
       
Total 199.6 27         
             

 

Null (Ho) and alternative (Ha) hypothesis comparison for material and angle of 

incidence are as follows: 

1. Table 6 shows through F-test that there is no difference in the means of the 

tested materials, air included.  Therefore, the Ho1 hypothesis was accepted.  There is no 

difference in signal transmission through Styrofoam, Lexan and Tuff Span panels at 

personal communication services (PCS) frequency levels. 

2. Table 6 shows through F-test that there is a difference in the means of the 

tested materials through the varied angles of incidence.  Therefore, the Ho2 hypothesis 

was rejected and the Ha2 hypothesis was accepted.  There is a difference in signal 

transmission between at least two of the angles through Styrofoam, Lexan and Tuff Span 

panels at PCS frequency levels.  

Tukey’s Procedure, also called the T method for identifying significantly different 

µi’s, was used to identify the angles of incidence with significant differences [14].  The 

calculations for Tukey’s Procedure can be found in appendix E.  The significance 

groupings are shown in Table 7. 
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Table 7. 
Tukey procedure results for angles of incidence. 

 

0 -30 30 60 -60 90 -90
-38.841 -38.920 -41.968 -44.217 -44.585 -46.114 -46.602

-30 0 30 60 -60 90 -90
-38.753 -38.998 -41.628 -43.849 -44.385 -46.243 -46.667

0 -30 30 -60 60 90 -90
-38.985 -39.410 -42.796 -43.043 -44.185 -44.717 -46.249

0 -30 -60 30 60 90 -90
-40.065 -40.393 -43.194 -43.230 -44.051 -44.980 -46.309

Air

Styrofoam

Lexan

Tuffspan

 

All materials have means grouped to show differences greater than 1.439 dB, as 

defined by the studentized Q distribution.  Significance groups are underlined to illustrate 

differences.  For air, 0 and -30 degrees are not significantly different from one another, 

but are significantly higher than 30 degrees.  Thrity degrees, in turn, are significantly 

different from 60 and -60 degrees, which are different from 90 and -90 degrees.  The 

same pattern holds true for Styrofoam and Lexan.  However, Tuff Span has only two 

significance groups, between 0 and -30 degrees and the rest of the angles of incidence.  

The lack of consistency between 0 and 30 degrees with 0 and -30 degrees may be due to 

the placement of the materials during testing with the door of the screen room. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The purpose of this research was to determine which of the most commonly used 

site concealment materials has the least effect on signal potency.  The tested materials 

were Tuff Span® fiberglass panels manufactured by Enduro Composite Systems, 

Lexan® XL-1 polycarbonate plastic manufactured by GE Corporation and Styrofoam™ 

polystyrene board manufactured by The Dow Chemical Company.  

Conclusion 

The hypothesis testing results are consistent with the theorized results modeled 

and calculated in Table 3 of Chapter 3. 

Analysis of the data found that statistically, no differences exist between the 

signal potency of these products at these thicknesses.  Therefore, selection of site 

concealment solutions should depend upon overall cost of the concealment system, not 

any claim of superior radio frequency (RF) performance.  Implementation managers can 

manage their budgets using minimal cost factors for such concealed sites. 

However, differences in the signal transmission do exist with regards to the angle 

of incidence between the material and the transmitting antenna.  When designing 

concealed communication towers, care should be given to ensure transmission paths are 

arranged as perpendicular as possible (within 30 degrees according to the Tukey test) to 

the concealment material. 
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Recommendations 

Further study should be completed for the following cases and situations: 

1. The angle of incidence to the vertical plane was tested in this study.  

Research should be conducted on angle of incidence to the horizontal plane, as well as 

complex angle combinations between the vertical and horizontal planes. 

2. The same testing algorithms can be used to test different angles of 

reception and distances of reception by keeping the transmit antenna stationary and 

moving the receive antenna.  Such a study would provide insight into multi-path 

reception characteristics of the system. 

3. The effects of different types and placement of material supports should 

be tested to ascertain their contribution to reflection and path loss. 

4. Composite material systems that combine one or more of these products to 

enhance material stability could be tested in future studies. 
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LabVIEW® SOFTWARE 
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Thesis Prop.vi 
 
 
Connector Pane 

 
 
Front Panel 

 
 
Controls and Indicators 

 
 

Start Frequency  

 
 

Stop Frequency  

 
 

Frequency Testing Interval  

 
 

Number of Samples per Frequency  

 
 

units of frequency (MHZ:0) Sets the units of frequency.  Units may be: 
 
0 - MHZ, megahertz 
1 - KHZ, kilohertz 
2 - HZ, hertz 
 

 
 

VISA session2  

 
 

VISA session1  

 
 

Start Frequency 2  

 
 

Stop Frequency 2  

 
 

units of frequency (MHZ:0) 2 Sets the units of frequency.  Units may be: 
 
0 - MHZ, megahertz 
1 - KHZ, kilohertz 
2 - HZ, hertz 
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Frequency in Testing  

 
 

dup VISA session2  

 
 

dup VISA session1  

 
 

Marker Peak  

 
Block Diagram 

 
 
 
 
 

 
 
List of SubVIs 

 
 

HP8648A Application Function.vi 
C:\Program Files\National Instruments\LabVIEW 6 
SE\instr.lib\hp8648a\hp8648a.llb\HP8648A Application Function.vi  
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E4402B Configure Frequency.vi 
C:\Program Files\National Instruments\LabVIEW 6 SE\instr.lib\E4402B Configure 
Frequency.vi  
 

 
 

Write To Spreadsheet File.vi 
C:\Program Files\National Instruments\LabVIEW 6 SE\vi.lib\Utility\file.llb\Write To 
Spreadsheet File.vi  
 

 
History 
"Thesis Prop.vi History" 
Current Revision:   21 
 
Position in Hierarchy 

 
HP8648A Application Function.vi 
This VI demonstrates how to combine different subVI's to form a higher level example.  This 
application example configures amplitude, frequency and modulation.  It also includes RF output 
on/off and error checking. 
 
Connector Pane 

 
 
Controls and Indicators 
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error in (no error) The error in cluster can accept error information wired from VIs 
previously called.  Use this information to decide if any functionality should be bypassed 
in the event of errors from other VIs. 
 
The pop-up option Explain Error (or Explain Warning) gives more information about the 
error displayed.  
 

 
 

status The status boolean is either TRUE (X) for an error, or FALSE 
(checkmark) for no error or a warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

code The code input identifies the error or warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

source The source string describes the origin of the error or warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

amplitude  Sets the amplitude of the RF output to the desired value.  This value may be 
up to 4 digits plus a sign if applicable, e.g. -127.1 or maximum resolution of .1 dB, .001 
mV, .01 uV. The RF output amplitude range is -136 dBm to +10 dBm with over range to 
+13 dBm. 
     When making amplitude changes, the instrument does not turn off the RF Output.  
The electronic attenuator provides rapid amplitude changes.  The period of any over- or 
under-ranging that may occur during level transitions is typically less than 30 ms. 
 

 
 

units of amplitude (DBM:0) Sets the units of amplitude.  Units may be: 
 
0 - DBM 
1 - MV 
2 - UV 
3 - MVEMF 
4 - UVEMF 
5 - DBUV 
6 - DBUVEMF 
 
Note:  If in reference mode, only DBM is allowed. 
 

 
 

frequency Sets the RF frequency to the entered value.  The value may be up to 9 digits 
with a maximum of 10 Hz resolution. 
The RF output frequency range is 250 kHz to 1000 MHz. 
     When making frequency changes, the instrument does not turn off the RF Output.  
Frequency switching typically takes less than 100 ms.  Worst case conditions occur for 
changes which cross the instrument's two frequency bands (249 MHz and 501 MHz). 
 

 
 

units of frequency (MHZ:0) Sets the units of frequency.  Units may be: 
 
0 - MHZ, megahertz 
1 - KHZ, kilohertz 
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2 - HZ, hertz 
 

 
 

modulation value Sets the corresponding modulation value. 
 
If the modulation type is FM, the value represents FM deviation in kilohertz.  The FM 
deviation range is 0.00 to 99.9 kHz. 
 
If the modulation type is AM, the value represents AM depth in percent.  The AM depth 
range is .1 to 99.9 percent. 
 
If the modulation type is PM, the value represents PM deviation in radians.  The PM 
deviation range is 0.00 to 10.0 radians 
 

 
 

modulation source (internal:0) Selects the frequency modulation source.  The internal 
sources can have either 1 kHz or 400 Hz frequencies.  The external source can be AC or 
DC coupled for FM or AC coupled only for AM and PM.  These options are set by the 
controls below. 
 
0 - internal source 
1 - external source 
2 - both internal and external sources 
 

 
 

internal frequency (400:F) Selects the internal frequency. 
 
T - 1 kHz frequency 
F - 400 Hz frequency 
 

 
 

external frequency (DC:F) Selects the FM external coupling. 
 
T - external AC coupling for FM 
F - external DC coupling for FM 
 
This control is ignored when the modulation type is AM or PM. 
 

 
 

modulation type (FM:0) Selects the type of modulation. 
 
0 - FM; frequency modulation 
1 - AM; aplitude modulation 
2 - PM; phase modulation 
 

 
 

RF Output (ON:T) Turns the RF output on and off. 
 
T - RF output on 
F - RF output off 
 

 
 

VISA session  

 
 

error out The error out cluster passes error or warning information out of a VI to be used 
by other VIs. 
 
The pop-up option Explain Error (or Explain Warning) gives more information about the 
error displayed. 
 

 status The status boolean is either TRUE (X) for an error, or FALSE 
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 (checkmark) for no error or a warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

code The code input identifies the error or warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

source The source string describes the origin of the error or warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

dup VISA session  

 
 

error messages  

 
E4402B Configure Frequency.vi 
This VI configures the start and stop frequencies.  The frequency range is 9 kHz to 3.0 GHz. 
 
Connector Pane 

 
 
Controls and Indicators 

 
 

VISA session  

 
 

error in (no error) The error in cluster can accept error information wired from VIs 
previously called.  Use this information to decide if any functionality should be bypassed 
in the event of errors from other VIs. 
 
The pop-up option Explain Error (or Explain Warning) gives more information about the 
error displayed.  
 

 
 

status The status boolean is either TRUE (X) for an error, or FALSE 
(checkmark) for no error or a warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

code The code input identifies the error or warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

source The source string describes the origin of the error or warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
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start frequency Sets the RF frequency to the entered value.  The value may be up to 9 
digits with a maximum of 10 Hz resolution. 
The RF output frequency range is 100 kHz to 1000 MHz. 
     When making frequency changes, the instrument does not turn off the RF Output.  
Frequency switching typically takes less than 100 ms.  Worst case conditions occur for 
changes which cross the instrument's two frequency bands (249 MHz and 501 MHz). 
 

 
 

units of frequency (MHZ:0) Sets the units of frequency.  Units may be: 
 
0 - MHZ, megahertz 
1 - KHZ, kilohertz 
2 - HZ, hertz 
 

 
 

stop frequency Sets the RF frequency to the entered value.  The value may be up to 9 
digits with a maximum of 10 Hz resolution. 
The RF output frequency range is 100 kHz to 1000 MHz. 
     When making frequency changes, the instrument does not turn off the RF Output.  
Frequency switching typically takes less than 100 ms.  Worst case conditions occur for 
changes which cross the instrument's two frequency bands (249 MHz and 501 MHz). 
 

 
 

error out The error out cluster passes error or warning information out of a VI to be used 
by other VIs. 
 
The pop-up option Explain Error (or Explain Warning) gives more information about the 
error displayed. 
 

 
 

status The status boolean is either TRUE (X) for an error, or FALSE 
(checkmark) for no error or a warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

code The code input identifies the error or warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

source The source string describes the origin of the error or warning. 
 
The pop-up option Explain Error (or Explain Warning) gives more information 
about the error displayed. 
 

 
 

dup VISA session  
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DATA LOG SHEETS 



 44 

 



 45 

 



 46 

 



 47 

 



 48 

 



 49 

 



 50 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C 

SAMPLE OF EXPERIMENTAL DATA 
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Trials - Air -90 -60 -30 0 30 60 90 
1 -45.54 -43.80 -42.01 -38.91 -38.66 -43.83 -46.87 
2 -45.43 -43.76 -41.87 -38.89 -38.67 -44.21 -46.89 
3 -45.44 -43.75 -42.03 -38.89 -38.80 -44.15 -46.90 
4 -45.27 -43.71 -41.86 -38.82 -38.82 -44.26 -46.92 
5 -45.27 -43.76 -42.16 -38.88 -38.69 -44.34 -47.05 
        

        
ANOVA: Two-Factor Without Replication     
        

SUMMARY Count Sum Average Variance    
1 7 -299.61 -42.80 9.84    
2 7 -299.73 -42.82 9.96    
3 7 -299.96 -42.85 9.74    
4 7 -299.66 -42.81 9.77    
5 7 -300.15 -42.88 10.00    
        

-90 5 -226.95 -45.39 0.01    
-60 5 -218.78 -43.76 0.00    
-30 5 -209.93 -41.99 0.02    
0 5 -194.39 -38.88 0.00    

30 5 -193.64 -38.73 0.01    
60 5 -220.79 -44.16 0.04    
90 5 -234.63 -46.93 0.01    
        
        

ANOVA        
Source of 
Variation SS df MS F 

P-
value F crit  

Trial 0.03 4 0.01 0.59 0.67 2.78  
Angle of 

Incidence 295.62 6 49.27 3967.51 0.00 2.51  
Error 0.30 24 0.01     

        
Total 295.95 34      
 

 

Trials - Styrofoam -90 -60 -30 0 30 60 90 
1 -46.35 -43.90 -41.35 -39.03 -38.92 -44.23 -46.77 
2 -46.26 -43.75 -41.16 -38.99 -38.77 -44.50 -46.70 
3 -46.23 -43.68 -41.88 -39.00 -38.68 -44.23 -46.61 
4 -46.20 -44.04 -41.68 -39.02 -38.73 -44.64 -46.61 
5 -46.18 -43.87 -42.06 -38.95 -38.66 -44.32 -46.65 
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ANOVA: Two-Factor Without Replication     

        
SUMMARY Count Sum Average Variance    

1 7 -300.56 -42.94 10.47    
2 7 -300.13 -42.88 10.73    
3 7 -300.31 -42.90 10.21    
4 7 -300.93 -42.99 10.47    
5 7 -300.69 -42.96 10.34    
        

-90 5 -231.22 -46.24 0.00    
-60 5 -219.24 -43.85 0.02    
-30 5 -208.14 -41.63 0.14    
0 5 -194.99 -39.00 0.00    
30 5 -193.76 -38.75 0.01    
60 5 -221.92 -44.38 0.03    
90 5 -233.34 -46.67 0.00    
        
        

ANOVA        
Source of 
Variation SS df MS F 

P-
value F crit  

Trial 0.06 4 0.01 0.42 0.79 2.78  
Angle of 

Incidence 312.54 6 52.09 1574.91 0.00 2.51  
Error 0.79 24 0.03     

        
Total 313.39 34      
 

Trials - Lexan -90 -60 -30 0 30 60 90 
1 -44.88 -44.17 -43.15 -38.99 -39.26 -43.08 -46.31 
2 -44.88 -44.39 -42.64 -38.86 -39.39 -42.75 -46.33 
3 -44.86 -44.26 -42.72 -39.13 -39.56 -43.10 -46.15 
4 -44.48 -44.23 -42.79 -38.97 -39.55 -43.17 -46.16 
5 -44.48 -43.88 -42.68 -38.98 -39.29 -43.11 -46.29 

        
        
ANOVA: Two-Factor Without Replication     
        

SUMMARY Count Sum Average Variance    
1 7 -299.84 -42.83 7.63    
2 7 -299.25 -42.75 7.75    
3 7 -299.79 -42.83 6.94    
4 7 -299.35 -42.76 6.92    
5 7 -298.71 -42.67 7.19    
        

-90 5 -223.59 -44.72 0.05    
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-60 5 -220.93 -44.19 0.04    
-30 5 -213.98 -42.80 0.04    
0 5 -194.92 -38.98 0.01    

30 5 -197.05 -39.41 0.02    
60 5 -215.22 -43.04 0.03    
90 5 -231.24 -46.25 0.01    
        
        

ANOVA        
Source of 
Variation SS df MS F 

P-
value F crit  

Trial 0.12 4 0.03 1.16 0.36 2.78  
Angle of 

Incidence 217.94 6 36.32 1386.34 0.00 2.51  
Error 0.63 24 0.03     

        
Total 218.69 34      

        
 

 

Trials – Tuff 
Span -90 -60 -30 0 30 60 90 

1 -45.05 -43.89 -43.11 -39.95 -40.31 -42.86 -46.30 
2 -44.97 -44.07 -43.01 -40.06 -40.40 -43.53 -46.31 
3 -45.00 -44.20 -43.32 -40.03 -40.39 -43.11 -46.35 
4 -44.94 -44.00 -43.21 -40.10 -40.42 -43.51 -46.37 
5 -44.94 -44.08 -43.50 -40.18 -40.44 -42.97 -46.22 

        
        
ANOVA: Two-Factor Without Replication     
        

SUMMARY Count Sum Average Variance    
1 7 -301.46 -43.07 5.41    
2 7 -302.36 -43.19 5.23    
3 7 -302.41 -43.20 5.35    
4 7 -302.56 -43.22 5.19    
5 7 -302.32 -43.19 4.97    
        

-90 5 -224.90 -44.98 0.00    
-60 5 -220.25 -44.05 0.01    
-30 5 -216.15 -43.23 0.04    
0 5 -200.32 -40.06 0.01    

30 5 -201.96 -40.39 0.00    
60 5 -215.97 -43.19 0.10    
90 5 -231.55 -46.31 0.00    
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ANOVA        

Source of 
Variation SS df MS F 

P-
value F crit  

Trial 0.11 4 0.03 1.23 0.33 2.78  
Angle of 

Incidence 156.33 6 26.06 1177.27 0.00 2.51  
Error 0.53 24 0.02     

        
Total 156.97 34      
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 The critical values of the studentized range (Q) distribution for the 95% confidence 

interval, 7 sample means and 21 degrees of freedom associated with MS(error): 

Q (.05,7,21)= 4.62
w= 1.438689001  

 

Ranked Angle Loss
Tukey 

significance Ranked Angle Loss
Tukey 

significance
0 -38.84067638 -30 -38.75296017

-30 -38.9199169 0 0 -38.99819414 0
30 -41.96799483 -3.048077931 30 -41.62819828 -2.630004138
60 -44.21720345 -2.249208621 60 -43.84895914 -2.220760862
-60 -44.58478897 0 -60 -44.38453017 0
90 -46.11427069 -1.529481724 90 -46.24328897 -1.858758793
-90 -46.60243362 0 -90 -46.66732052 0

Air Styrofoam

 

 

Ranked Angle Loss
Tukey 

significance Ranked Angle Loss
Tukey 

significance
0 -38.98464052 0 -40.06450034

-30 -39.41033362 0 -30 -40.39296207 0
30 -42.79646448 -3.386130862 -60 -43.1936569 -2.800694828
-60 -43.04304466 0 30 -43.22968224 0
60 -44.18500672 0 60 -44.05062672 0
90 -44.71716328 0 90 -44.980095 0
-90 -46.24889793 -1.531734655 -90 -46.30915345 0

Lexan Tuffspan
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Frequency 
(MHz)

Free Space 
Loss (L)

Transmit 
Power 

Feeder 
Loss (LT)

Antenna 
Gain (GT)

Antenna 
Gain (GR)

Feeder 
Loss (LR)

Receive 
Power (PR)

1850 -19.78413455 10 1.785 8.4 8.4 1.785 43.01413455
1855 -19.76069084 10 1.785 8.4 8.4 1.785 42.99069084
1860 -19.73731024 10 1.785 8.4 8.4 1.785 42.96731024
1865 -19.7139924 10 1.785 8.4 8.4 1.785 42.9439924
1870 -19.69073699 10 1.785 8.4 8.4 1.785 42.92073699
1875 -19.66754368 10 1.785 8.4 8.4 1.785 42.89754368
1880 -19.64441214 10 1.785 8.4 8.4 1.785 42.87441214
1885 -19.62134203 10 1.785 8.4 8.4 1.785 42.85134203
1890 -19.59833304 10 1.785 8.4 8.4 1.785 42.82833304
1895 -19.57538483 10 1.785 8.4 8.4 1.785 42.80538483
1900 -19.5524971 10 1.785 8.4 8.4 1.785 42.7824971
1905 -19.52966952 10 1.785 8.4 8.4 1.785 42.75966952
1910 -19.50690178 10 1.785 8.4 8.4 1.785 42.73690178
1915 -19.48419355 10 1.785 8.4 8.4 1.785 42.71419355
1920 -19.46154455 10 1.785 8.4 8.4 1.785 42.69154455
1925 -19.43895444 10 1.785 8.4 8.4 1.785 42.66895444
1930 -19.41642294 10 1.785 8.4 8.4 1.785 42.64642294
1935 -19.39394973 10 1.785 8.4 8.4 1.785 42.62394973
1940 -19.37153452 10 1.785 8.4 8.4 1.785 42.60153452
1945 -19.34917701 10 1.785 8.4 8.4 1.785 42.57917701
1950 -19.32687689 10 1.785 8.4 8.4 1.785 42.55687689
1955 -19.30463389 10 1.785 8.4 8.4 1.785 42.53463389
1960 -19.28244769 10 1.785 8.4 8.4 1.785 42.51244769
1965 -19.26031803 10 1.785 8.4 8.4 1.785 42.49031803
1970 -19.2382446 10 1.785 8.4 8.4 1.785 42.4682446
1975 -19.21622712 10 1.785 8.4 8.4 1.785 42.44622712
1980 -19.19426532 10 1.785 8.4 8.4 1.785 42.42426532
1985 -19.1723589 10 1.785 8.4 8.4 1.785 42.4023589
1990 -19.15050759 10 1.785 8.4 8.4 1.785 42.38050759

42.6936071  

 

Frequency 
(MHz) ω νδ (στ) νδ (αιρ) kd (st) kd (air) w (st) - m λδ (στ) λδ (αιρ)
1920 3.0558E+08 1.8960E+08 2.9979E+08 1.6117 1.0193 0.0000 3.8986 6.1642

Angle of 
Incidence

Frequency 
(MHz) Βω (στ) cos(Bw*w) (st) sin(Bw*w) (st) Zin (st) Γ (στ) Τ (στ) loss (st) - dB

0 1920 1.0193 1.0000000 0.0000000 377.0000 0.0000 1.0000 0.0000
30 1920 0.8827 1.0000000 0.0000000 435.3221 0.0718 1.0718 0.7180
60 1920 0.8058 1.0000000 0.0000000 754.0000 0.3333 1.3333 3.3333
90 1920 0.0000 1.0000000 0.0000000 1.0000E+99 1.0000 2.0000 10.0000  
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Styro Lexan TuffSpan
Refractive, n 1.54 1.586 1.46
Dielectric, εr 2.5 2.96 4.8

Angle of Transmission within material

Styro Lexan TuffSpan
Θ Θ R Θ T Θ T Θ T

0 0 0.00 0.00 0.00
30 30 18.97 17.44 13.69
60 60 37.95 34.87 27.39
90 90 56.92 52.31 41.08

Angle of Transmission within materials (radians)
Styro Lexan TuffSpan

Θ Θ R Θ T Θ T Θ T

0 0 0 0 0
0.5235988 0.5235988 0.3311529 0.3043356 0.2389891
1.0471976 1.0471976 0.6623059 0.6086712 0.4779781
1.5707963 1.5707963 0.9934588 0.9130068 0.7169672

Styro Lexan TuffSpan Air
238.43574 219.12680 172.07617 377.00000

Θ Styro Lexan TuffSpan Air
0 150.800 127.365 78.542 377.000

30 158.957 133.110 80.671 435.322
60 180.240 147.401 85.505 754.000
90 194.682 156.519 88.273 1.000E+99

Zw
TE

η = 377 / sqrt(εr)
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Frequency 
(MHz) ω νd (st) νd (lx) νd (ts) νd (air)
1920 3.0558E+08 1.8960E+08 1.7425E+08 1.3683E+08 2.9979E+08

k d (st) k d (lx) k d (ts) k d (air)
1.6117 1.7537 2.2332 1.0193

w (st) - m w (lx) - m w (ts) - m
0.0191 0.0024 0.0024
λ d (st) λ d (lx) λ d (ts) λ d (air)
3.8986 3.5829 2.8136 6.1642

Angle of 
Incidence

Frequency 
(MHz) Βw (st) Βw (lx) Βw (ts)

0 1920 1.6117 1.7537 2.2332
30 1920 1.3957 1.5187 1.9340
60 1920 0.8058 0.8768 1.1166
90 1920 0.0000 0.0000 0.0000

cos(Βw*w) (st) cos(Βw*w) (lx) cos(Βw*w) (ts) sin(Βw*w) (st) sin(Βw*w) (lx) sin(Βw*w) (ts)
0.9995287 0.9999914 0.9999861 0.0306974 0.0041425 0.0052752
0.9996465 0.9999936 0.9999896 0.0265857 0.0035875 0.0045685
0.9998822 0.9999979 0.9999965 0.0153505 0.0020713 0.0026376
1.0000000 1.0000000 1.0000000 0.0000000 0.0000000 0.0000000

Zin (st) Zin (lx) Zin (ts) Γ (st) Γ (lx) Γ (ts)

354.4192 372.9545 368.0937 -0.0309 -0.0054 -0.0120
409.7089 430.7458 425.2080 0.0416 0.0665 0.0601
711.0981 746.3971 737.0818 0.3070 0.3288 0.3232

1.0351E+20 7.6719E+20 6.0246E+20 1.0000 1.0000 1.0000

Τ (st) Τ (lx) Τ (ts) loss (st) - dB loss (lx) - dB loss (ts) - dB
0.9691 0.9946 0.9880 0.3087 0.0539 0.1195
1.0416 1.0665 1.0601 0.4158 0.6654 0.6009
1.3070 1.3288 1.3232 3.0705 3.2882 3.2321
2.0000 2.0000 2.0000 10.0000 10.0000 10.0000  
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