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1 

1 SUMMARY 

The V and W-bands are becoming of interest to satellite designers due to the large 

availability of bandwidth and the potential multi-gigabit data rates. Implementation of a satellite 

communication channel at these frequencies has not been documented in literature, and 

commercial wireless services at these frequency bands are undeveloped. Furthermore, millimeter 

waves are affected much more by atmospheric attenuation, with rain being the most detrimental 

and uncertain. Predictive models of rain attenuation claim some degree of accuracy up to 55 

GHz, although they are primarily based on measurements at 40 GHz and below. This project 

focuses on the analysis and verification of propagation models for electromagnetic waves 

through atmosphere at millimeter wavelengths. Tests are performed below 40 GHz, but as a 

precursor for testing below 90 GHz.  

2 INTRODUCTION 

2.1 Motivation 

There are many advantages in exploiting higher frequencies, but the two that stand out 

are:  (1) availability of larger bandwidths, and (2) the decrease in antenna size. Larger 

bandwidths are especially attractive for multimedia services, which use larger bandwidths to 

obtain higher data rates for their users. Additionally, smaller antennas are appealing to satellite 

system designers due to their higher directivity, portability, and lower cost. Conveniently, the 

Federal Communications Commission (FCC) of the United States of America decided to allocate 

a portion of the “millimeter-wave” spectrum in V and W-bands to a shared development and 

utilization between both government and non-government entities for satellite communication. 

Specifically, the frequencies assigned for satellite communication are 71-76 GHz, 81-86 GHz, 

and 92-95 GHz. This allocation of frequency allows for the development of the Extremely High 

Frequency (EHF) regime. Up to this point in time, satellite communication services in these 

bands are non-existent. 

Although there are some prominent advantages in the utilization of EHF bands, there also 

exist many propagation impairments that lower frequency bands do not experience. The 

attenuation contributions of clouds and fog, atmospheric gaseous absorption, rain, scintillations, 

and signal depolarization are some of the major factors that make design and implementation at 
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EHF challenging. Moreover, few propagation research activities have conducted at frequencies 

above 50 GHz, with only a handful being carried out over the last few years. With the lack of 

work in the EHF band comes the need to perform extensive research into the detrimental 

propagation impairments that a potential radio link could encounter. 

The radio communication Sector of the International Telecommunications Union (ITU-

R) has presented many validated atmospheric models to aid in the design of radio frequency (RF) 

channels. Although these models are accepted by the RF community, it is imperative to ensure 

that they are capable at lower frequencies before proceeding to the more challenging EHF 

regime. The rain models supported by the ITU-R claim validity up to about 55 GHz, even though 

they are primarily based off of 40 GHz measurements and significantly lack data above 40 GHz. 

Needless to say, development of a radio link model at frequencies well above current model 

limitations would be highly beneficial to high-frequency applications. 

In order to perform any type of experimental research at such frequencies, it is imperative 

to design a stable link that can handle at least predicted impairments. Historically, 

characterization and model validation has been conducted via the use of space-beacon and a 

distributed network of ground terminals. This approach allows for statistical understanding of the 

interaction between radio signals and environmental impairments such as rain, clouds and dust 

(although rain is the most typical impairment to be monitored). Although this method is very 

useful, it is extremely expensive to implement (> $1M) and could be high-risk for the V and W 

frequencies, since the outcome would be unknown above standard model limitations. Prior to 

investing funds into a risky high-frequency communications link, it would be extremely 

beneficial for practical measurements to be taken utilizing a terrestrial link. This link will be a 

cost-efficient way of testing current propagation models, and developing. 

A stable terrestrial communications link would meet this need. This alternative method 

would be much more cost effective, while still providing meaningful results. Development of a 

successful link could allow for first-ever terrestrial validation of rain and depolarization models 

in the Q/V-bands. Furthermore, current models could be compared against actual data, and could 

be further improved. Data collection and rain and depolarization model verification could lead to 

highly significant scientific contributions in atmospheric propagation. 
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2.2 Literature Review 

The book, Satellite-to-Ground Radiowave Propagation by J.E. Allnutt [1], is a 

comprehensive guide intended for satellite-to-ground system designers when working with 

frequencies above 1 GHz. In this text, the author covers a wide range of propagation 

impairments to be expected when designing a communications link at high frequencies. The text 

provides step-by-step procedures for modeling the natural and weather-induced attenuations that 

a signal above 1 GHz would expect. Though the models were primarily taken from the ITU-R, 

this book compiles all of them into an easily understandable read. 

This book was the overall primary reference for the design of the link-budget and 

impairments coupled model in this work. Additionally, the theoretical background, which is not 

provided by the ITU-R, was discussed in a fair amount preceding each model’s presentation. 

Though the theory is not necessary to develop a model, it is useful in understanding the sources 

of attenuation that the radiowave will experience. 

For example, the models provided by the ITU-R [2, 3] and presented in [1] surround the 

weather impairment of rain. Had the model been followed without theoretical background, then 

one would expect that attenuation due to rain would be a simple linear relationship with 

frequency. This is not the case. As the wavelength of the signal becomes comparable in size to a 

hydrometeor (precipitation product such as rain), the signal losses can no longer be attributed to 

primarily scattering as the Rayleigh model would indicate. The signal will be more heavily 

absorbed, and losses will increase substantially.  This is only one example where the theoretical 

knowledge provided in [1] has proved useful. 

In [4], efforts similar to the overall goal of this work are presented. Specifically, efforts in 

[4] present the plan to implement a 96 GHz terrestrial communications link spanning 

approximately 7.4 km. The group working on this communications link is based out of Italy and 

is the only other known group to be investigating a terrestrial W-band communications link. In 

addition to the discussion of the potential link, the transmitting and receiving system 

architectures are described for the W-band.   

The overall goals in [4] were to implement a terrestrial link in the W-band, monitor 

propagation impairments, and ultimately characterize the 94-96 GHz frequency range in order to 

be implemented in future satellites.  This goal is similar to the overall mission of this thesis in 
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that frequency characterization in the V and W-bands are desired to implement high-frequency 

satellite communications. Additionally, some of the propagation models utilized in [4] and in this 

thesis are from the ITU-R. 

In the work presented in this thesis though, an alternative method to measuring rain 

impairments is presented. This method allows for rain simulation to occur whenever 

measurements are desired. This capability allows for major measurement flexibility in that rain 

attenuation can be characterized along with other impairments such as scintillations and 

temperature variance since the simulator can be activated at any time. 

Though the sources listed previously have direct connections to the work performed here, 

it is useful to discuss the current standards of characterizing propagation links. Prior to the work 

here and the work discussed above, characterization and model validation of rain effects on 

radiowaves have been conducted through the use of space beacons and ground distributed 

networks. Well known campaigns are those of ACTS, OLYMPUS, and ITALSAT F1. 

The Advanced Communications Technology Satellite (ACTS) was the first all-digital, 

gigabit-capacity communications satellite [5]. The ACTS was launched in 1993 and collected 

data all the way up until 2004 when it was decommissioned [5]. The ACTS measured over 35 

station-years of data at K and Ka frequency bands over the United States. The data collected 

provided a major influence upon the ITU-R rain models [2] and yielded regional precipitation 

characterization [5].The OLYMPUS collected approximately 15 station-years of data at 12, 20, 

and 30 GHz, that characterized several regions for rainfall.  The ITALSAT F1 characterized the 

20, 40, and 50 GHz frequency channels with about 10 years of data collected at 15 sites spread 

throughout Europe [2]. 

From these experiments, it is evident that satellite channel characterization is not 

normally performed with a terrestrial link. These are some of the systems that have provided the 

fundamental background for the work in this thesis. Though the missions above all provided 

substantial data for multiple sites, the V and W-band frequencies provide a much more 

challenging approach, since the losses that occur here are greatly different than anything 

experienced before. Ultimately, there could be a great risk in launching a satellite with V and W-

band capabilities if the current prediction methods are used in the system design, especially 

considering that the models are based upon 40 GHz data and below. The work here would reduce 
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the risk, and assist in greater planning techniques to mitigate the characterized losses in the W-

band. 

2.3 Scope of Effort 

It is essential to the development of satellite and earthbound links that an accurate model 

be created to have a rough expectation of how the terrestrial link might perform. In this research 

project / report, the development of a detailed link-budget analysis tool is discussed addressing 

both the advantages and limitations of the models used. Creating an analysis tool is practically 

useless if there are no data supporting veracity.  Therefore, the model was experimentally 

validated by comparing several measurements with model predictions, which are explained in 

detail throughout this work. This validation is imperative to prove system accuracy and provide 

reason to utilize the model as a baseline for the V and W-band experiments. 

Since long-distance propagation links at 70 and 80 GHz are highly unexplored, initial 

experiments at the well-known frequencies were conducted. Specifically, propagation at 10, 20, 

30, and 40 GHz were modeled and compared against measured data. Although it was not 

expected for the attenuation contributions of individual impairments to linearly scale to the 

higher V and W-bands, experiments at 40 GHz and below would validate the current ITU-R 

models and measure their accuracy. In particular, proving the models’ accuracy during heavy 

rain would be ideal in planning V and W-band links due to their high susceptibility to 

precipitation.  

During the course of this work, many models account for rain, clouds, fog, dirt, were 

utilized in the development of a link-budget Graphical User Interface (GUI). Many of these 

models were from the ITU-R, while a handful of others were from various other sources. This 

GUI was primarily created to provide timely model and measurement comparison. Additionally, 

the functionality of the GUI extends to adding atmospheric impairments to the link in which the 

user could specify a “worst-case” scenario when planning a link. 

After the development of the predictive model, several experiments were conducted to 

verify the models accuracy. The first experiment was conducted at 10 GHz and had a primary 

goal of transmitting and receiving a signal across a channel in a practical situation. The 

secondary goal was to compare the measured results with the designed propagation model and 
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determine the error. The channel was specifically setup between the roofs of University of New 

Mexico (UNM)’s Electrical & Computer Engineering and Centennial Engineering Buildings. 

The second set of experiments was conducted in which the test system was characterized 

in an anechoic chamber. Measurements were taken at 10 GHz, 20 GHz, 30 GHz, and 40 GHz. 

This allowed cleaner measurements for model validations, and permitted a better understanding 

of test equipment performance prior to later out-door testing. 

The third set of experiments was conducted using a rain-simulator to measure the 

propagation losses across before, during, and after rain simulation at 10 GHz. The hope was that 

noticeable losses would be measured and the results allow validation and verification of the link-

budget model. 

The fourth set of experiments was conducted using a rain-simulator to measure the 

propagation losses at higher frequency (20 GHz, 30 GHz, and 40 GHz). Data was used to assess 

model accuracy and experiment uncertainty. 

Ultimately, the work done here is intended to provide the necessary procedure to follow 

when designing higher-frequency communication links. The terrestrial data collected during the 

rain experiments will be highly beneficial to the design and execution of V and Q band 

communication links. Additionally, the challenges that occurred during this initial 

experimentation will be monitored more closely, and will allow the future work to continue more 

smoothly. 

3 METHODS, ASSUMPTONS, AND PROCEDURES 

3.1 Coupled Model Development and Link Analysis 

As mentioned previously, the EHF band experiences significantly more attenuation than 

lower frequency bands while propagating. This is true under both clear and inclement weather 

conditions. During clear conditions, radio waves are impacted primarily by attenuation sources 

such multipath, scintillation, gaseous absorption, reflection, and others. Radio waves are even 

more vulnerable to inclement weather than they are to clear conditions. This is partly due to the 

fact that as frequency increases, the wavelength becomes comparable in size to the particles with 

which the wave interacts.  This decrease in wavelength makes the waves particularly susceptible 

to loss from fog, clouds, dirt, and especially rain and snow. 
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The Radio-communication Sector of the International Telecommunications Union (ITU-

R) is one of the world leaders in ensuring rational, equitable, efficient and economical use of the 

radio-frequency by all radio-communication services. The ITU-R carries out studies and adopts 

recommendations on radio communication matters. The adopted recommendations come from 

research conducted all over the world. Essentially, the propagation models are chosen based on 

both comparison to measured data and agreement with electromagnetic theory. Therefore, the 

models when used within the specified limitations should be accurate with the specified 

accuracy. 

The use of propagation models is vital when planning a communication link using 

millimeter-wave frequencies. They are even more necessary when planning a communication 

link in the Extremely High Frequency (EHF) bands. Therefore, it was believed to be necessary to 

investigate the current attenuation models to determine if EHF propagation was even possible at 

any appreciable distance. Based on the primary attenuation effects that impact V and W-band 

frequency bands, the decision was to further investigate the models concerning effects of rain, 

scintillation, gaseous absorption, dust storms, clouds and fog. The details of the current models 

describing these effects are explained in the subsequent sections. 

3.1.1 Attenuation Effects 

3.1.1.1 Gaseous	Absorption	and	Water	Vapor	

During atmospheric propagation, an electromagnetic wave interacts with many different 

earth gasses. Although interactions with many of these molecules will result in negligible losses, 

interactions with some will have an extremely noticeable impact. This is due to the absorption of 

the electromagnetic radiation. In electromagnetic theory, absorption of electromagnetic radiation 

is the process in which the energy of an electromagnetic wave is taken, or absorbed, by a given 

medium. Within the absorber, the electromagnetic energy that is taken is converted to an 

equivalent amount of energy, such as thermal or other forms of molecular energy. This reduction 

of electromagnetic radiation intensity is attenuation that the wave experiences when it is incident 

upon a lossy material and occurs with all mediums. 

The refractive index of a material describes how an electromagnetic wave, or other forms 

of radiation, propagates through that medium. This is given by 
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݊ ൌ ௖

௩
 , (1) 

where c is the speed of light in a vacuum, and v is the speed of light in the medium. If a material 

is opaque, the refractive index is a complex number. The real part of this complex number 

represents refraction, whereas the imaginary part signifies absorption. The complex refractive 

index is represented as 

ሶ݊ ൌ ݊′ ൅ ݆݊′′ , (2) 

where n’ is the real, or refractive component, and n’’ is the imaginary, or absorptive part of the 

index of refraction. The absorptive component, n’’, can be inserted into the equation of the 

electric field for a plane wave traveling in the z direction in order to determine intensity of 

absorption. The time-harmonic form of the electric field is given by 

एሺݖ; ሻݐ ൌ Reൣ۳ሺݖ;  ሻ݁௝ሺ௞௭ିఠ௧ሻ൧ , (3)ݐ

where ߱ is defined as the radian frequency as 2πf, z is the position, t is the propagation time, and 

k is the wave number defined as 
ଶగ௡

ఒ
. Further examining the wave number expression, it can be 

seen that it is dependent on the refractive index, n, and the wave length of the transmitted wave. 

Inserting the complex refractive index into the electric field expression yields: 

एሺݖ; ሻݐ ൌ Re ቈ۳ሺݖ; ሻ݁ݐ
௝൬
మഏ൫೙ᇲశೕ೙ᇲᇲ൯

ഊ
௭ିఠ௧൰

቉ ൌ Re ൥۳ሺݖ; ሻ݁ݐ
௝ቆ൬మഏ೙

ᇲ

ഊ
ା௝మഏ೙

ᇲᇲ

ഊ
൰௭ିఠ௧ቇ

൩  (4) 

ൌ 	Re ൤۳ሺݖ; ሻ݁ିݐ
మഏ೙ᇲᇲ

ഊ ݁௝ቀ
మഏ೙ᇲ
ഊ

௭ିఠ௧ቁ൨ ൌ ݁ି
మഏ೙ᇲᇲ

ഊ
௭Re ቂ۳ሺݖ; ሻ݁௝ቀݐ

మഏ೙ᇲ
ഊ

௭ିఠ௧ቁቃ.  (5)

The exponential expression in the front conveys that the n’’ results in exponential decay. Taking 

the magnitude of the electric field results in  

݁ି
రഏ೙ᇲᇲ

ഊ
௭|۳|૛ .  (6) 

The square of the electric field is proportional to the radiation intensity, and results in the 

attenuation component increasing by a factor of two. According to the Beer-Lambert law, this 

term is defined as the absorption coefficient. When n’’ is positive, radiation is absorbed. If it is 

zero, then the material is transparent to the wave. 

Similarly, the index of refraction is related to the relative permittivity and permeability of 

a material through 
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ሶ݊ ଶ ൌ  ோ , (7)ߝோߤ

where ߤோ and ߝோ are defined as the relative permeability and permittivity respectively. These 

variables are convenient in the fact that the material’s nature can be described by observation and 

simple calculations. The nature of interest is often the mediums susceptibility to the electric and 

magnetic field. 

A material is considered to be a polar material if, in the absence of an applied electric 

field, the material possesses randomly oriented permanent dipole moments [6]. Similarly, 

magnetic materials are those that exhibit magnetic polarization when they are subjected to an 

applied magnetic field. Basically, when an applied field is present, the dipoles within a material 

will align with the field if it is magnetic or polar. This is conveyed in Figure 1. 

Figure 1. Paramagnetic Dipole Moments Aligning With the Applied Magnetic Field 

Magnetic and polar molecular compounds exhibit significantly more losses than other 

molecules due to their magnetic moment rapidly fluctuating. Essentially, the applied field is 

fluctuating in time (e.g. cosine and sine waves). This fluctuation results in the constant re-

orientation of magnetic dipole moments to align with the applied field.  As frequency increases, 

the moments will need to align more quickly. When the frequency becomes too high, the 

moments cannot orient quickly enough, and fall into a “limbo” state in which they become closer 

to static. This, in turn, translates to higher losses. 

During propagation typically below 70 GHz, the compounds of most interest are those of 

oxygen gas and gaseous water vapor [1]. Oxygen happens to be a magnetic molecule, which has 

the properties as stated previously. However it is only paramagnetic, meaning that it is only 
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slightly affected by an applied magnetic field. Oxygen has a magnetic susceptibility, χm, of 

209 ൈ 10ି଼. This is related to the much more common relative permeability term by  

ோߤ ൌ 1 ൅ ߯௠ .  (8) 

Although the susceptibility term appears to be almost negligible, it still results in oxygen 

experiencing resonant absorption at certain frequencies. Note that 60 GHz happens to be one of 

the major resonant frequencies of oxygen, while 80 GHz is a local minima in the higher 

frequency range. 

The ITU-R has two recommendations to model attenuation due to gaseous absorption that 

are contained in ITU-R P.676-9 [7]. The first recommendation listed is for general applications 

and is considered accurate for frequencies up to 1000 GHz [7]. However, this method is 

computationally intensive and the level of accuracy it provides is not usually required. The 

second recommendation, specific attenuation, is meant for approximate estimates of gaseous 

attenuation that covers the frequency range of 1 to 350 GHz [7]. Both of these methods will be 

discussed since both were utilized throughout this work. 

Both of the prediction methods in the ITU-R P.676-9 recommendation achieve their 

specific and standard attenuation calculations accuracy with knowledge of atmospheric data and 

channel specifications. Specifically, the models call for frequency, pressure, temperature, 

channel length, latitude, season, receiver elevation, and water vapor density as provided by ITU-

R 836 [8]. This recommendation utilizes years of past data to determine average water vapor 

density profiles solely based on location and season. 

The more complex calculation of the ITU-R P.676-9 recommendation obtains the specific 

attenuation attributed by water vapor and dry air from knowledge of the imaginary part of the 

complex refractivity [7]. The expected values from this model are shown in Figure 2.The dry air 

portion incorporates oxygen, pressure-induced nitrogen, and non-resonant Debye attenuation. 

Ultimately, this model calculates the frequency dependent refractivity term from the variables 

stated above, and calculates the “dry” and “wet” specific attenuation terms as follows. 

γ ൌ 	 γ୓ ൅ γ୵ ൌ 0.1820fN′′ሺfሻ . (9) 

For the purpose of this work, the propagation channel will be terrestrial and the attenuation 

contributed by gaseous attenuation is simply a multiplication of specific attenuation and channel 

length. 
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Figure 2. Specific Attenuation Due to Gaseous Absorption From 0 – 1000 GHz 

The second method, although seemingly more invasive, is much easier to implement and 

utilize for quick estimates. This formula calculates the specific attenuation due to water vapor 

and dry air at an altitude of 10 km [7]. An extension of this algorithm to variable altitudes will be 

briefly discussed at the end of this section. The algorithm has proven to agree with more accurate 

calculations of gaseous absorption within an “average of about േ10% at frequencies removed 

from the centers of major absorption lines” [7]. Note that the absorption lines that the ITU-R is 

referring to are the spikes in molecular absorption. This approximates out to a difference of 0.1 

dB/km from the more accurate and intense calculations. 

For dry air with ݂ ൑54 GHz, the attenuation can be modeled as: 

௢ߛ ൌ ൤ ଻.ଶ	௥೟
మ.ఴ

௙మା.ଷସ	௥೛
మ௥೟

భ,ల ൅
.଺ଶ	కయ

ሺହସି௙ሻభ.భల഍భା.଼ଷ	కమ
൨ ݂ଶݎ௣ଶ ൈ 10ିଷ  (10) 

For 54 ൏ ݂ ൑ 60 GHz, the attenuation can be modeled as: 
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௢ߛ ൌ ݌ݔ݁ ቎

୪୬ఊఱర
ଶସ

ሺ݂ െ 58ሻሺ݂ െ 60ሻ െ ୪୬ఊఱఴ
଼

ሺ݂ െ 54ሻሺ݂ െ 60ሻ

൅ ୪୬ఊలబ
ଵଶ

ሺ݂ െ 54ሻሺ݂ െ 58ሻ
቏  (11)

For 60 ൏ ݂ ൑ 62 GHz, the attenuation can be modeled as: 

௢ߛ ൌ ଺଴ߛ ൅ ሺߛ଺ଶ െ ଺଴ሻߛ
௙ି଺଴

ଶ
(12)

For 62 ൏ ݂ ൑ 66 GHz, the attenuation can be modeled as: 

௢ߛ ൌ ݌ݔ݁ ቎

୪୬ఊలమ
଼

ሺ݂ െ 64ሻሺ݂ െ 66ሻ െ ୪୬ఊలర
ସ

ሺ݂ െ 62ሻሺ݂ െ 66ሻ

൅ ୪୬ఊలల
଼

ሺ݂ െ 62ሻሺ݂ െ 64ሻ
቏  (13)

For 66 ൏ ݂ ൑ 120 GHz, the attenuation can be modeled as: 

௢ߛ ൌ ൞
3.03 ൈ 10ିସݎ௧

ଷ.ହ ൅ .ଶ଼ଷ௥೟
య.ఴ

ሺ௙ିଵଵ଼.଻ହሻమାଶ.ଽଵ௥೛
మ௥೟

భ.ల

൅ .ହ଴ଶ	కలሾଵି.଴ଵ଺ଷకళሺ௙ି଺଺ሻሿ

ሺହସି௙ሻభ.భల഍భା.଼ଷ	కమ

ൢ ݂ଶݎ௣ଶ ൈ 10ିଷ (14)

For 120 ൏ ݂ ൑ 360 GHz, the attenuation can be modeled as: 

௢ߛ ൌ ൤ ଷ.଴ଶൈଵ଴షర

ଵାଵ.ଽൈଵ଴షఱ௙భ.ఱ
൅ .ଶ଼ଷ௥೟

బ.య

ሺ௙ିଵଵ଼.଻ହሻమାଶ.ଽଵ௥೛
మ௥೟

భ.ల൨ ݂
ଶݎ௣ଶݎ௧

ଷ.ହ ൈ 10ିଷ ൅  (15)  ߜ

where:  

ଵߦ ൌ ߮൫ݎ௣, ,௧ݎ .0717,െ1.8132, .0156,െ1.6515൯  (16) 

ଶߦ ൌ ߮൫ݎ௣, ,௧ݎ .5146,െ4.6368,െ.1921,െ5.7416൯  (17) 

ଷߦ ൌ ߮൫ݎ௣, ,௧ݎ .3414,െ6.5851, .2130,െ8.5854൯  (18) 

ସߦ ൌ ߮൫ݎ௣, ,௧ݎ . െ0.0112,0.0092,െ0.1033,െ0.0009൯  (19) 

ହߦ ൌ ߮൫ݎ௣, ,௧ݎ 0.2705,െ2.7192,െ0.3016,െ4.1033൯  (20) 

଺ߦ ൌ ߮൫ݎ௣, ,௧ݎ 0.2445,െ5.9191,0.0422,െ8.0719൯  (21) 

଻ߦ ൌ ߮൫ݎ௣, ,௧ݎ െ0.1833,6.5589,െ0.2402,6.131൯  (22) 

ହସߛ ൌ 2.192߮൫ݎ௣, ,௧ݎ 1.8286,െ1.9487, .4051,െ2.8509൯  (23) 

ହ଼ߛ ൌ 12.59߮൫ݎ௣, ,௧ݎ 1.0045,3.5610,0.15881,1.2834൯  (24) 

଺଴ߛ ൌ 15.0߮൫ݎ௣, ,௧ݎ 0.003,4.1335,0.0427,1.6088൯  (25) 

଺ଶߛ ൌ 14.28߮൫ݎ௣, ,௧ݎ 0.9886,3.4176,0.1827,1.3429൯  (26) 

଺ସߛ ൌ 6.819߮൫ݎ௣, ,௧ݎ 1.4320,0.6258,0.3177,െ0.5914൯  (27) 
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଺଺ߛ ൌ 1.908߮൫ݎ௣, ,௧ݎ 2.0717,െ4.1404,0.4910,െ4.8718൯  (28) 

ߜ ൌ െ0.00306߮൫ݎ௣, ,௧ݎ 3.211,െ14.94,1.583,16.37൯  (29)

߮൫ݎ௣, ,௧ܽݎ ܾ, ܿ, ݀ሻ ൌ ௧ݎ௣௔ݎ
௕݁ܿൣ݌ݔ൫1 െ ௣൯ݎ ൅ ݀ሺ1 െ ௧ሻ൧൯  (30)ݎ

௣ݎ ൌ
௣೟೚೟
ଵ଴ଵଷ

(31) 

௧ݎ ൌ
ଶ଼଼

ሺଶ଻ଷା௧ሻ
(32) 

where f is the frequency in GHz, ݌௧௢௧represents total air pressure,  p is the pressure in hPa, and t 

is the mean temperature in (oC) that can be obtained from maps given by the ITU-R. 

For water vapor, the attenuation γ୵ (dB/km) is given by: 

γ୵ ൌ

ە
ۖۖ

۔

ۖۖ

ۓ
ଷ.ଽ଼	ఎభ௘௫௣ሾଶ.ଶଷ	ሺଵି௥೟ሻሿ

ሺ௙ିଶଶ.ଶଷହሻమାଽ.ସଶఎభ
మ ݃ሺ݂, 22ሻ ൅ ଵଵ.ଽ଺ఎభ௘௫௣ሾ଴.଻ሺଵି௥೟ሻሿ

ሺ௙ିଵ଼ଷ.ଷଵሻమାଵଵ.ଵସఎభ
మ

൅ ଴.଴଼ଵఎభ௘௫௣ሾ଺.ସସሺଵି௥೟ሻሿ

ሺ௙ିଷଶଵ.ଶଶ଺ሻమା଺.ଶଽఎభ
మ ൅ ଷ.଺଺ఎభ௘௫௣ሾଵ.଺ሺଵି௥೟ሻሿ

ሺ௙ିଷଶହ.ଵହଷሻమାଽ.ଶଶఎభ
మ

൅ ଶହ.ଷ଻ఎభ௘௫௣ሾଵ.଴ଽሺଵି௥೟ሻሿ

ሺ௙ିହହ଻ሻమ
݃ሺ݂, 557ሻ ൅ ଶଽ଴ఎభ௘௫௣ሾଵ.ସ଺ሺଵି௥೟ሻሿ

ሺ௙ିସସ଼ሻమ

൅ ଼ସସ.଺ఎభ௘௫௣ሾ଴.ଽଽሺଵି௥೟ሻሿ

ሺ௙ିଵ଻଼଴ሻమ
݃ሺ݂, 1	780ሻ ۙ

ۖۖ

ۘ

ۖۖ

ۗ

݂ଶ2௧
ଶ.ହߩ	ݔ	10ିସ	 (33) 

with: 

ηଵ ൌ ௧ݎ௣ݎ0.955
଴.଺଼ ൅  (34)  ߩ0.006

ηଶ ൌ ௧ݎ௣ݎ0.735
଴.ହ ൅  (35)  ߩ௧ସݎ0.0353

݃ሺ݂, ௜݂ሻ ൌ 1 ൅ ቀ௙ି௙೔
௙ା௙೔

ቁ
ଶ

(36) 

where ߩ is the water-vapor density ሺ݃/݉ଷሻ.  

The gaseous absorption over a terrestrial (near Earth) link can be calculated easily by 

using the above models. The total attenuation in dB due to water and oxygen over a distance ro is 

given in [1] and [7], and is simply stated as: 

A ൌ 	γr୭ ൌ 	 ሺγ୭ ൅ γ୵ሻr୭	 (37)

Once again, let it be noted that the algorithm discussed was designed around a fixed height of 10 

km.  In [7], the ITU-R recommends the calculation of an equivalent height, which leads to a total 

zenith attenuation. Conclusively, gaseous absorption has a strong impact at molecular absorption 

resonance, and as frequency increases. This can be observed in Figure 3, which depicts the 

specific attenuation due to dry air and water vapor, and the sum of the two [7]. Ultimately, as the 

wavelengths of signals get smaller, the impact of atmospheric molecules grows. 
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Figure 3. Specific Attenuation Due to Water Vapor and Dry Air 

3.1.1.2 Rain	Losses	

It is well known that rain has a greater impact in the EHF region than at lower 

frequencies. This is especially true when the wavelength of the signal becomes comparable to the 

diameter of a rain drop. For example, the wavelength at 80 GHz is 3.75 mm whereas the 

diameter of a rain drop ranges from 0.17 – 4.0 mm [1]. Rain is one of many weather effects that 

can exist on a given signal path. The difference between rain attenuation and other clear-sky 

effects is that rain is considered to be an “excess” attenuation in reference to the ideal weather 
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situation. The excess attenuation that is endured by a propagating signal is comprised of two 

main components, absorption and scattering. The total excess attenuation in dB of a signal can be 

written mathematically as the sum of the absorption and scattering parameters as: 

௘௫ܣ ൌ ௔௕ܣ ൅  ௦௖ , (38)ܣ

where the subscripts represent excess attenuation, absorption attenuation, and scattering 

attenuation, respectively. 

J.E. Allnutt stated that an electromagnetic wave is said to be scattered when “its energy is 

redirected from the original propagation direction without losing any substantial energy to the 

scattering particle, or particles” in [1]. This scatter can occur in any direction, as long as it is 

redirected from the original path. 

Absorption and scattering are dependent on the complex index of refraction, which itself 

has dependencies on wavelength, temperature, and the interacting particle’s size. When the 

particle is electrically small, Rayleigh theory can be applied to describe the radio wave 

interaction. The theory states that after a particle scatters a signal, the medium remains 

unchanged. This then leads to the particle appearing to be a small radiating dipole, which can be 

described by traditional electromagnetic theory. This approximation generally holds true for 

frequencies 10 GHz and below when the interaction is dealing with hydrometeors. 

When higher frequency analysis is required for interaction with hydrometeors, Rayleigh 

scattering theory can no longer be applied, since the interacting particle is no longer electrically 

small. As the wavelength decreases below the radius of a rain drop, the primary attenuation is 

derived from absorption rather than scattering. Furthermore, the imaginary component of the 

index of refraction becomes significant at frequencies above 10 GHz. These cases are best 

described using Mie scattering theory, which can be visually conveyed in Figure 4 [9]. 
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Figure 4. The Mie Solution Scattering Phenomenon 

The Mie scattering theory describes the scattering of electromagnetic energy by a sphere. 

The formulation described in the theory allows for calculations of the electric and magnetic 

fields outside and within the particle of interest in order to determine how much energy is 

scattered. Mie theory defines an efficiency factor, provided effective extinction and scattering 

cross sections, which describes how a particle would interact with an electromagnetic wave. 

These relationships are: 

ܳ௘௫ ൌ
ఙ೐ೣ
గൈ௥మ

 , (39) 

ܳ௦௖ ൌ
ఙೞ೎
గൈ௥మ

 ,  (40) 

where “ex” denotes the extinction factor, “sc” denotes the scattering factor, “r” is the radius of 

the rain drop, and “Q” represents the efficiency factor. 

This relationship is very useful when examining a single interaction between a wave and 

a rain drop. However, it is often desired to understand the interaction of the radio wave and many 

rain drops. One possible way of calculating this is to integrate the extinction contributions with 

knowledge of the drop size distribution ND, the path length L, and the extinction cross section of 

a rain drop with a specified drop diameter Ct(D). This can be seen as [1]: 

௘௫ܣ ൌ 4.343 ൈ ܮ ׬ ௧ሺ஽ሻܥ ሺܰ஽ሻ݀ܦ
ஶ
଴ 					dB/km .  (41) 

Evaluation of this integral is not simple and is typically not used in practical situations. 

To make matters more complicated, the Mie solution to Maxwell’s equations assumes a spherical 
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radiator. Rain, unfortunately, is not always spherical. Rain drops tend to maintain a spherical 

shape when the diameter is approximately 170 µm or less [1]. Above that, the aerodynamic 

forces change the drop shape to forms such as spheroidal, flattened spheroidal, and the 

Pruppacher and Pitter defined shape [1]. These different shapes also have a different impact on 

the wave known as depolarization. These shapes go against the Mie solution assumptions. Since 

rain characteristics vary vastly in time and space, empirical procedures have tended to be used to 

describe propagation through rain, often providing the best results. 

The ITU-R 838-3 standard was developed in order to empirically determine the 

attenuation from 1-55 GHz with knowledge of rain rates (although they are not necessary). When 

rain rates are not provided, this standard utilizes statistical site data that have been collected for 

over 40 years in order to provide reasonable site data for modeling [9]. Furthermore, if the 

knowledge of rain rates are known, or measured, then attenuation due to specific rainfall rates for 

a given percentage of time can be calculated. 

For the purposes of this work, the ITU-R standards P.618, P.837, P.838 and P.839 were 

referenced. ITU-R reference P.837 contains maps of meteorological parameters, which are used 

for rainfall rate statistics with a 1 minute integration time when local measurements are not 

available [9]. Furthermore, annex 1 of [9] describes the procedure necessary in order to derive 

rainfall rates from the provided parameters in the ITU-R database. 

ITU-R P.838 standard calculates the attenuation due to rain from knowledge of rain rates. 

Since the characteristics of rain vary vastly in time and space, it is necessary to use statistical 

averaging or empirical methods in order to simplify the calculation [1]. This model came about 

from the understanding that the drop size distribution has a power-law relationship to rainfall 

rate. From this knowledge, coefficients were developed based on Marshall and Palmer, Laws and 

Parsons, and Joss drop size distributions [1]. Specifically, these coefficients were utilized for the 

calculation of specific attenuation. The specific attenuation due to rain, ߛ	ܴ	(dB/km), also 

follows a power-law relationship, 

ோ	ߛ ൌ ܴ݇ఈ,  (42) 

where R is the rain rate (mm/hour), and k and α are frequency dependent coefficients listed in the 

recommendation [2]. This is essentially the fundamental concept that the ITU-R P.838 

recommendation adopted, which claims accuracy up to 1000 GHz. Determination of the specific 



Approved for Public Release; Distribution is Unlimited.

18 

attenuation, γR, is highly relevant when there is a need to calculate attenuation with knowledge of 

rain rates.  

In the specific attenuation relationship above, the frequency dependent coefficients can 

be calculated with the following formulas: 

logଵ଴ k ൌ ∑ ௝ܽexp ቈെ൬
୪୭୥భబ ௙ି௕ೕ

௖ೕ
൰
ଶ

቉ ൅ ݉௞ logଵ଴ ݂
ସ
௝ୀଵ ൅ ܿ௞ ,  (43) 

ߙ ൌ ∑ ௝ܽexp ቈെ ൬
୪୭୥భబ ௙ି௕ೕ

௖ೕ
൰
ଶ

቉ ൅ ݉ఈ logଵ଴ ݂
ହ
௝ୀଵ ൅ ܿఈ ,   (44) 

where f is the frequency in GHz, k is either kH or kV, and α is either αH or αV. The subscripts, H 

and V, are the variable’s polarization designations where H represents horizontal polarization and 

V represents vertical polarization. The specific coefficients of k and α can be calculated for linear 

and circular polarization as: 

݇ ൌ 	 ሾ݇ு ൅ ݇௏ ൅ ሺ݇ு െ ݇௏ሻሺcos θሻଶ cos 2߬ሿ 2⁄  ,  (45) 

ߙ ൌ 	 ሾߙு݇ு ൅ ௏݇௏ߙ ൅ ሺߙு݇ு െ ௏݇௏ሻሺcosߙ θሻଶ cos 2߬ሿ 2݇⁄  ,  (46) 

where θ is the elevation angle, and τ is the polarization tilt angle (for circular polarization, τ is 

45⁰). 

The ITU-R R.839 standard was intended to provide information regarding the height to 

which rain extends during periods of precipitation [10]. Basically, this model was intended to be 

used for areas of the world that no specific information is available. Additionally, this 

recommendation provides mildly accurate data for anywhere in the world when no site-specific 

information is present. 

Finally, a section in the ITU-R P.618 standard ties all of this information into a model to 

estimate the long-term statistics for site-specific rain attenuation for frequencies up to 

approximately 55 GHz. The ITU-R 618-10 standard specifies the data required for typical Earth-

Space telecommunications systems. Although this may seem out of scope, this model also lists 

information on tropospheric propagation. The limitation at 55 GHz is troublesome and will be 

considered when advancing to higher frequencies. This ITU-R recommendation provides long-

term statistics of slant-path rain attenuation endured by a propagating signal for a given location. 

The following step-by-step procedure is mentioned in [1]. In order to perform this estimation, the 

following parameters are required a priori: 
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 f – frequency (GHz),

 R0.01 – “point rainfall rate” for .01% of an average year at a specified location (mm/hour),

 hs – the earth station’s height above the mean sea level (km),

o Note that this parameter can be obtained via ITU-R P.1511 when site specific

data is unavailable.

 θ – elevation angle (degrees),

 φ – latitude coordinate of the earth station (degrees), and

 Re – the effective radius of the Earth given as 8,500 km.

Step 1: Determine the rain height, hR, as given in Recommendation ITU-R P.839. 

Step 2: For θ≥5⁰, compute the slant-path length, Ls, below the rain height from: 

௦ܮ ൌ
ሺ௛ೃି௛ೞሻ

ୱ୧୬஘
  km.  (47) 

For θ<5⁰, the following formula can be used: 

௦ܮ ൌ
ଶሺ௛ೃି௛ೞሻ

൬ሺୱ୧୬஘ሻమା
మ൫೓ೃష೓ೞ൯

ೃ೐
൰
భ మ⁄

ାୱ୧୬஘

  km.  (48) 

If hR-hs ≤ 0, the predicted rain attenuation for any time percentage is zero and the 

following steps are not required. 

Step 3: Calculate the horizontal projection, LG, of the slant-path length from: 

ீܮ ൌ ௦ܮ	 cos θ km.  (49) 

Step 4: Obtain the rainfall rate, R0.01, exceeded for 0.01% of an average year with an integration 

time of one minute. If this long-term statistic is unavailable from local data resources, an 

estimate can be obtained from the maps of rainfall rates given in ITU-R 837 [9]. If R0.01 is 

equal to zero, the anticipated rain attenuation is also equal to zero for any percentage of 

time and the following steps are not required.  
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Step 5: Obtain the specific attenuation, γR, using the frequency dependent coefficients given in 

[1] and ITU-R P.838, and the point rainfall rate, R0.01, determined in Step 4, by using: 

ோߛ   ൌ ݇ሺܴ଴.଴ଵሻఈ dB/km.   (50) 

Step 6: Calculate the horizontal reduction factor, r0.01, for 0.01% of the time: 

଴.଴ଵݎ ൌ 	
ଵ

ଵା.଻଼ට
ಽಸംೃ
೑

ି.ଷ଼൫ଵି௘షమಽಸ൯
.  (51) 

Step 7: Calculate the vertical adjustment factor, v0.01, for 0.01% of the time: 

ߞ ൌ tanିଵ ቀ௛ೃି௛ೞ
௅ಸ௥బ.బభ

ቁ degrees.  (52) 

For ζ > θ,  

ோܮ ൌ
௅ಸ௥బ.బభ
ୡ୭ୱ஘

 km,  (53) 

else,  

ோܮ ൌ
ሺ௛ೃି௛ೞሻ

ୱ୧୬஘
 km.  (54) 

If |φ| < 36⁰,  

߯ ൌ 36 െ |φ| degrees,  (55) 

else,  

߯ ൌ 0 degrees,  (56) 

and 

v଴.଴ଵ ൌ
ଵ

ଵା√ୱ୧୬஘൬ଷଵ൫ଵିୣషሺಐ ሺభశഖሻ⁄ ሻ൯
ඥಽೃಋೃ
೑మ

ି.ସହ൰
. (57)

Step 8: The effective path length: 

ாܮ ൌ  ோv଴.଴ଵ km.  (58)ܮ

Step 9: The predicted attenuation exceeded for 0.01% of an average year is obtained from: 

଴.଴ଵܣ ൌ  ா dB.  (59)ܮோߛ
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Step 10: The estimated attenuation to be exceeded for other percentages of an average year, in 

the range 0.001% to 5%, is determined from the attenuation to be exceeded for 0.01% 

for an average year: 

 If p≥1% or |φ| ≥36⁰: 

β	 ൌ 	0;  (60) 

 If p<1% and |φ| <36⁰ and θ≥25⁰:

β	 ൌ 	െ.005ሺ|φ| െ 36ሻ;  (61)

 Otherwise: 

β	 ൌ 	െ.005ሺ|φ| െ 36ሻ ൅ 1.8 െ 4.25 sin θ  (62) 

௣ܣ ൌ ଴.଴ଵܣ ቀ
௣

଴.଴ଵ
ቁ
ିሺ଴.଺ହହା଴.଴ଷଷ ୪୬ሺ௣ሻି଴.଴ସହ ୪୬ሺ஺బ.బభሻିஒሺଵି௣ሻ ୱ୧୬஘ሻ

	 dB. (63) 

In summary, the above procedure accurately predicted long-term statistics of attenuation 

due to rain for specific locations. It is noted that year-to-year variability should be taken into 

account when comparing predictive models and measured data. 

3.1.1.3 Clouds	and	Fog	

In fixed satellite systems, signal attenuations tend to occur when traveling through clouds 

and/or fog. Below 10 GHz, the attenuation attributed by clouds and fog is nearly negligible [1]. 

Above 10 GHz, the attenuation due to clouds and fog increases substantially as frequency 

increases. Signal attenuation due to fog and clouds are due primarily to the scattering and 

absorption of the signal. 

The primary difference between the cases is that water droplet particulates that occur in 

clouds and fog are considered to be much smaller in size than that of a hydrometeor (rain drop). 

The droplets in clouds and fog are assumed to be less than 0.01 cm in diameter [11], which holds 

a spherical shape as seen in [1]. Provided that the rain drop is approximately 100µm in diameter 

or less, the Rayleigh approximation can be used to understand the electromagnetic attenuation 

phenomenon within clouds and fog. This approximation is valid for frequencies below 200 GHz, 

with the limiting factor being the decreased wavelength [11]. For completeness, the underlying 



௣݂ ൌ 20.09 െ 142ሺθ െ 1ሻ ൅ 294ሺθ െ 1ሻଶ GHz,  

௦݂ ൌ 590 െ 1500ሺθ െ 1ሻ GHz,  

ε଴ ൌ 77.6 ൅ 103.3ሺθ െ 1 ሻ,  
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theory states that after a particle scatters a signal, the medium remains unchanged. The particle 

can then be approximated as a small radiating dipole for electromagnetic analysis. 

ITU-R P.840-5 is intended to provide guidance for engineers to design satellite-to-ground 

telecommunications systems above 10 GHz, while accounting for cloud and fog attenuation [11]. 

The recommendation provides calculation of specific attenuation within clouds and fog, and 

provides a total-attenuation prediction method [11]. While it is not explicitly stated in the 

literature, the specific attenuation, γc, can be used to provide accurate attenuation estimations 

when the distance through the cloud and the liquid water content of the cloud is known. Unlike 

the rain model, which considers reflection, refraction, and absorption due to larger droplet sizes, 

the ITU-R P.840-5 assumes small droplets and only considers scattering. The specific attenuation 

within a cloud or fog is calculated as [11]: 

௖	ߛ ൌ  dB/km,  (64) ܯ௟ܭ

where Kl  is the specific attenuation coefficient, and M is the liquid water density in the fog 

(g/m3). This calculation of this coefficient utilizes a double-Debye model for the dielectric 

constant, which is the basis of Rayleigh scattering model [11]. The specific attenuation constant 

can be calculated accurately up to 1 THz by: 

௟ܭ ൌ
଴.଼ଵଽ௙

கᇲᇲሺଵାఎమሻ
 (dB/km)/ (g/m3)  (65) 

where f is the frequency (GHz), and η is defined as: 

ߟ ൌ ଶାகᇲ

கᇲᇲ
 . (66) 

The parameters ε’ and ε” represent the real and imaginary parts of the dielectric permittivity of 

water, respectively. The dielectric permittivity is then given by: 

εᇱᇱሺ݂ሻ ൌ 	 ௙ሺகబିகభሻ

௙೛ቂଵା൫௙ ௙೛⁄ ൯
మ
ቃ
൅ ௙ሺகభିகమሻ

௙ೞሾଵାሺ௙ ௙ೞ⁄ ሻమሿ
 ,  (67) 

εᇱሺ݂ሻ ൌ 	 கబିகభ

ቂଵା൫௙ ௙೛⁄ ൯
మ
ቃ
൅ கభିகమ

ሾଵାሺ௙ ௙ೞ⁄ ሻమሿ
൅ εଶ ,  (68) 

where 

(69) 

(70) 

(71) 
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εଵ ൌ 5.48,  (72) 

εଶ ൌ 3.51,  (73) 

θ ൌ ଷ଴଴

்
,  (74) 

with the temperature in Kelvin. In the above equations, the variables fp and fs are defined as the 

principal and secondary relaxation frequencies [11]. From this point, total attenuation due to 

clouds or fog can be calculated with a linear calculation of the specific attenuation parameter and 

the propagation distance through the medium. 

The attenuation can also be estimated using known site-specific statistics of total 

columnar content of liquid water, or millimeters of water that is able to precipitate.  The 

attenuation is then estimated by: 

ܣ ൌ ௅௄೗
ୱ୧୬஘

 90⁰ ≥ θ≥ 5⁰,  (75) 

where L is the liquid water content, Kl is the specific attenuation coefficient, and θ is the 

elevation angle. The statistics mentioned above are provided in the ITU-R database. 

In summary, this model utilizes the Rayleigh scattering approximation for small particles. 

This model provides the flexibility of only requiring a frequency and channel length, or the 

frequency, site location, and elevation angle, which are all generally known parameters. Another 

prediction method discussed in [1] takes a different approach in that it estimates attenuation with 

knowledge of the interfering cloud type. From this, it provides an estimation of the spatial 

volume that the cloud takes up, and more accurately, determines the distance the signal 

propagates through the medium [1]. 

3.1.1.4 Dust	and	Particulates	

Electromagnetic attenuation resulting from interaction with dust particulates is a 

relatively under-modeled occurrence. However, there are groups that are devoting their efforts to 

characterizing the interaction [12]. When a radio wave interacts with a dust particle, the 

underlying mathematical theory follows Rayleigh (and Mie at higher frequencies) scattering 

theory as discussed in the preceding sections. Unlike water particles, dust particles vary greatly 

in size and electrical characteristics, since the composition of dust is not comprised of only one 

molecule. 
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The power loss endured by the incident wave can be calculated by multiplying the 

uniform power density with the cross-section of the attenuator of interest [12]. The total power 

removed from the incident field through excess attenuation can be represented by an extinction 

cross-section [12, 13]. As in the rain attenuation section, the attenuation due to dust storms can 

be calculated similarly as [12]: 

்ܣ ൌ ׬ ݔ௣݀ܣ
௅
଴  dB,  (76) 

with the specific attenuation, Ap, given as 

ௗܣ ൌ 4.343 ൈ 10ଷ ׬ ௧ሺܽሻܰሺܽሻ݀ܽߪ
௔೘ೌೣ

௔೘೔೙
	 dB/km, (77) 

where σt is the total attenuation cross-section factors of particles with radius a, and N(a) is 

defined as the number or particles per unit volume of air with particles of radius of amax-amiin. As 

in the case of rain prediction methods, obtaining an accurate distribution of particles is no simple 

task. Therefore, Rayleigh and Mie approximations have been made to describe the interaction. 

The Rayleigh approximation for the specific attenuation due to dust storms is given in 

[12, 14] by Islam and Goldhirsh respectively as: 

ܣ ൌ ଶ.ଷଵ଻ൈଵ଴షయ∙ఌᇲᇲ

ሾሺఌᇲାଶሻమାఌᇱᇱమሿ∙ఒ
∙ ଵ

௏ം
  dB/km,  (78) 

where V is the visibility in kilometers, λ is the wavelength in meters, γ is the locational and 

temporal parameter, and ε’ and ε’’ are the real and imaginary parts of the dielectric constant of 

the dust particles in question [12]. This formulation developed by Goldhirsh claims accuracy up 

to 48 GHz [14]. 

As with hydrometeors, the Rayleigh approximation cannot be assumed when the 

wavelength becomes comparable to the size of the dust particle. Therefore, the Mie 

approximation for dust storms is generally used to describe attenuation at higher frequencies. 

The specific attenuation for dust storms is given in [12] as: 

ௗܣ ൌ 4.343 ൈ 10ଷ ׬ ቂఒ
మ

ଶగ
ሺ݇ܽሻଷሺܿଵ ൅ ܿଶሺ݇ܽሻଶ ൅ ܿଷሺ݇ܽሻଷሻቃܰሺܽሻ݀ܽ

௔೘ೌೣ

௔೘೔೙
	dB/km,  (79) 

where the bracketed terms represent total cross-section efficiency as mentioned previously for 

dust storm attenuation. 

The author extends these models to a custom dust storm model, which provides a general 

formula for the frequency range 1-100 GHz. The general formulation from [12] is as follows: 
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ௗܣ ൌ
௔೐௙

௏
ሾݔ ൅ ௘ଶ݂ଶܽݕ ൅ ,௘ଷ݂ଷሿ dB/kmܽݖ (80) 

where ae is the equivalent particle radius in meters (which was approximated to 50 µm in [12]), f 

is the frequency in GHz, V is the visibility in kilometers, and x, y, and z are constants whose 

values are dependent on the complex dielectric constant [12]. These values are given as: 

ݔ ൌ 	 ଵ଼଼଺∙ఌᇱᇱ

ሺఌᇲାଶሻమାఌᇱᇱమ
,  (81)

ݕ ൌ 137 ൈ 10ଷ ∙ ′′ߝ ቄ଺
ହ

଻ఌᇱమା଻ఌᇱᇱమାସఌᇲିଶ଴

ሾሺఌᇲାଶሻమାఌᇱᇱమሿమ
൅ ଵ

ଵହ
൅ ହ

ଷሾሺଶఌᇲାଷሻమାସఌᇱᇱమሿ
ቅ,  (82) 

and 

ݖ ൌ 379 ൈ 10ସ ቊ
൫ఌᇲିଵ൯

మ
൫ఌᇲାଶ൯ାቂଶ൫ఌᇲିଵ൯

మ
൫ఌᇲାଶ൯ିଽቃାఌᇱᇱర

ሾሺఌᇲାଶሻమାఌᇱᇱమሿమ
ቋ.  (83) 

The model was further simplified in [12] to equations that were frequency band specific. These 

simplified relationships were achieved by determining approximate complex dielectric constants 

for frequency bands.  Specifically, the author of [12] utilized measured values to make these 

approximations. 

Ultimately, this model is one of the few that describes an attenuation prediction method 

for propagation within dust storms. The ITU-R references the issue and states that “very little is 

known about the effects of sand and dust storms on radio signals on slant-paths”. That being 

said, this model is not widely held as the standard of the world, although none are. The author 

described both a prediction method and data validation in [12], which gives the presented model 

some validity. 

3.1.1.5 Scintillation	

When the atmosphere is still, the refractive index varies slowly with height, and more 

slowly in the horizontal plane [1]. The presence of wind causes the atmosphere to be mixed, and 

results in small-scale rapid variations in the refractive index [1]. These rapid variations are 

referred to as tropospheric scintillations. “The magnitude of tropospheric scintillations depends 

on the magnitude and structure of the refractive index variations, increasing with frequency and 

with the path length through the medium, and decreasing as the antenna beamwidth decreases 

because of aperture averaging”. For systems operating at low frequencies or having large-fade 

margins, scintillation effects do not severely impact the communications system [1, 15]. In 

satellite communications, this is often not the case. 
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These fluctuations in the index of refraction along a propagation path result in amplitude 

and phase scintillations in the signal, and ultimately cause the received signal to have amplitude 

and phase deviations [1]. Tropospheric scintillation is said to be comprised of two components. 

The first component is due to energy dispersive small scale variations in the refractive index of 

the lower troposphere [1, 16].The second component is due to the turbulent mixing at the edges 

of clouds [1]. This component tends to the more intense than those in free-space. 

Tropospheric scintillation has been characterized to have dependence on meteorological, 

temporal, geographic, systematic, and frequency variance. These dependencies are important to 

consider when investigating attenuation effects due to tropospheric scintillations. 

Studies have proven that tropospheric scintillation is strongly correlated with temperature 

and humidity [1]. When both parameters are high, the scintillation effect on signal amplitude also 

increases. Evidence has also shown that increasing wind speeds result in slightly increasing 

amplitude scintillations [1]. One attenuation effect of interest is the scintillation correlation with 

rainfall. Many studies have been conducted to determine this, and have reported largely 

increased amplitude scintillation effects [16]. Another area of interest is the impact that 

increasing the frequency has on tropospheric scintillations. When the same antenna is utilized to 

measure scintillations at different frequencies, high correlation exists. 

The ITU-R P.618-10 recommendation specifies a method in section 2.4 to estimate 

attenuation due to amplitude scintillation for elevation angles greater than 4. This model 

requires known values for the frequency, f, site average ambient surface temperature, t, humidity, 

H, the elevation path angle, θ, the physical diameter (or largest dimension) of the antenna, D, the 

antenna efficiency, η, and the “wet term” of the index of refraction.  The “wet term” is 

determined by ITU-R recommendation P.453.  This procedure is as follows: 

Step 1: For the values of t, calculate the saturation water vapor pressure, es, (hPa), as specified in 

Recommendation ITU-R P.453. 

Step 2: Compute the wet term of the refractive index, Nwet, corresponding to es, t and H as given 

in Recommendation ITU-R P.453. Note that steps 1 and 2 are not needed if Nwet is 

obtained from Recommendation ITU-R P.453 directly.  

Step 3: Calculate the standard deviation of the signal amplitude, σref, used as reference: 

௥௘௙ߪ ൌ 3.6 ൈ 10ିଷ ൅ 10ିସ ൈ ܰ௪௘௧ dB.  (84) 
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Step 4: Calculate the effective path length L according to: 

ܮ ൌ 	 ଶ௛ಽ
√ୱ୧୬మ ஘ାଶ.ଷହൈଵ଴షరାୱ୧୬஘

 m,  (85) 

where hL is the height of the turbulent layer (hL = 1000m). 

Step 5: Estimate the effective diameter, Deff, from the geometrical diameter, D, and the antenna 

efficiency η: 

௘௙௙ܦ ൌ ඥܦߟ m.  (86) 

Step 6: Calculate the antenna averaging factor: 

݃ሺݔሻ ൌ ට3.86ሺݔଶ ൅ 1ሻଵଵ ଵଶ⁄ ∙ sin ቂଵଵ
଺
tanିଵ ଵ

௫
ቃ െ ହݔ7.08 ଺⁄ ,  (87) 

with: 

ݔ ൌ ௘௙௙ܦ1.22
ଶ ሺ݂ ⁄ܮ ሻ,  (88)

and f is the operation frequency. If the argument of the square root is negative when x≥7, the 

predicted scintillation fade depth for any percentage of time is zero and the remaining procedure 

is not required.  

Step 7: Calculate the standard deviation of the signal for the considered period and propagation 

path: 

ߪ ൌ ݂଻	௥௘௙ߪ ଵଶ⁄ 	 ௚ሺ௫ሻ

ሺୱ୧୬஘ሻభ.మ
.  (89) 

Step 8: Calculate the time percentage factor, a(p), for the time percentage, p, of concern in the 

range .01 <p≤ 50: 

ܽሺ݌ሻ ൌ 	െ0.061ሺlogଵ଴ ሻଷ݌ ൅ 0.072ሺlogଵ଴ ሻଶ݌ െ 1.71 logଵ଴ ݌ ൅ 3.0.  (90) 

Step 9: Calculate the scintillation fade depth for the time percentage p by: 

ሻ݌௦ሺܣ ൌ ܽሺ݌ሻ ∙  dB.  (91) ߪ

Unfortunately, this model is only tested up to 20 GHz and is recommended for use up to 

30 GHz. This is the major limitation of the link-budget GUI, since higher frequencies can 

experience higher losses due to tropospheric turbulences. Though, it is generally a good practice 

to account for known losses, rather than ignoring them completely. 



Approved for Public Release; Distribution is Unlimited.

28 

3.1.1.6 Free‐Space	Path	Loss	

Consider a signal that is transmitted through free-space to a receiver located at distance d 

from the transmitting system. Also assume that no excess attenuation or obstacles are present, 

and the signal propagates along a clear signal path directly between the transmitter and receiver. 

This channel type is known as a line-of-sight (LOS) channel. The losses endured by the signal 

simply propagating in this situation are known as path loss or free-space path loss in this case 

[17]. 

The free-space path loss is the decrease in power that the signal experiences as it travels 

the distance d to the receiver.  The loss experienced will be proportional to the inverse of the 

square of the distance (1/d2) [1]. The power flux density for an isotropic antenna transmitting 

with a power Pt at distance d can be given by: 

௙ௗ݌ ൌ
௉೟

ସൈగൈௗమ
 W/m2. (92) 

Note that the denominator term is simply the radius of a sphere of radius d. If the antenna 

considered is no longer isotropic, but rather has a gain associated with it called Gt, then the 

power flux density becomes [4]: 

௙ௗ݌ ൌ
௉೟ൈீ೟
ସൈగൈௗమ

 W/m2.  (93)

Multiplying the power flux density by the receiving antenna aperture area, results in the received 

power. Since the gain of an antenna can be related to its area, the receiver gain can be extracted 

from the previous product. This results in the scalar quantity: 

௥ܲ ൌ ௧ܲ ൈ ௧ܩ ൈ ቀ ఒ

ସൈగൈௗ
ቁ
ଶ
 W. (94) 

The term within the parenthesis can be inverted, and would be referred to as the free-space path 

loss. This equation has been used throughout the years and has been found to be very useful in 

developing link-budgets. 

The free-space path loss model is not very different from the equations given above. The 

only difference is that in the model used, the free-space path loss attenuation is converted to dB 

losses. This is given as: 

ሻܤሺ݀ܮܲܵܨ ൌ 20 logଵ଴ሺ݀ሻ ൅ 20 logଵ଴ሺ݂ሻ ൅ 20 logଵ଴ ቀ
ସగ

௖
ቁ dB,  (95) 
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where d is the distance in meters, f is the frequency in Hz, and c is the speed of light in a 

vacuum. This is a fundamental loss factor that is taken into account every time a link-budget is 

performed. 

3.1.1.7 Total	Attenuation	Due	to	Multiple	Sources	

When multiple attenuation effects are present and occurring simultaneously, it is 

important to understand how the net loss is calculated from the presented attenuation models. 

The net loss estimated is not a simple addition of each calculated parameter. This is because 

some of the model presented overlap in the losses that they estimate. Specifically, when rain is 

present, the models of gaseous absorption and clouds and fog attenuation must be calculated for 

differently, since the rain model accounts for some losses that are normally determined in their 

models. 

After values for the attenuation due to rain, clouds, gasses, and tropospheric scintillation 

are calculated, they can be combined using the following model: 

ሻ݌ሺ்ܣ ൌ ሻ݌ሺீܣ ൅ ට൫ܣோሺ݌ሻ ൅ ሻ൯݌஼ሺܣ
ଶ
൅ ௌܣ

ଶሺ݌ሻ, (96) 

where AG is the attenuation due to gasses, AR is the attenuation due to rain, AC is the attenuation 

due to clouds and/or fog, and AS is the attenuation due to tropospheric scintillation all for a given 

probability of time of the attenuation [17]. 

When AR is non-zero, special considerations must be made for the gaseous and clouds 

and fog attenuation models. When the probability is less than 1%, then the contributions from the 

gaseous absorption and clouds and fog models must be calculated at a probability of 1%. 

Mathematically, this is seen as: 

ሻ݌஼ሺܣ ൌ  for p < 1%,  (97)	஼ሺ1%ሻܣ	

ሻ݌ሺீܣ ൌ  ሺ1%ሻ for p < 1%.  (98)ீܣ	

As stated above, these equations take into account the fact that a large part of cloud and fog, and 

gaseous attenuation is already included in the rain attenuation prediction model for percentage of 

times below 1%. 
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3.1.2 Coupled Model 

The attenuation models discussed previously were translated into MATLAB, and a 

coupled model was created in the form of a graphical user interface (GUI). The development of a 

GUI allows for timely and precise link-budget calculations and loss estimations from which 

transmitting and receiving systems can be specified. The development of this model was an 

essential step towards creating a baseline model to be used and extrapolated at higher 

frequencies, especially considering the atmospheric impairments for EHF. 

The link-budget GUI shown in Figure 5 allows for a multitude of different test scenarios. 

It models the standard atmospheric effects based on world location (for highest accuracy), and 

can include attenuation effects such as rain, clouds, fog, dust storms, and others as needed. This 

degree of flexibility allows for specification and planning for “worst-case” scenarios to ensure 

optimum performance. 

Figure 5. The Link-Budget GUI 

The GUI allows for the designer/user to test numerous scenarios which can ultimately 

result in maximum accuracy when determining the system specifications. To achieve precision in 
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the results, one must go through the “fine-tuning” of the link budget to ensure the minimum 

amount of power is received, while not wasting resources with “over-kill” designs. The 

following sections will discuss the GUI in detail. 

3.1.2.1 Channel	Specifications	

This portion of the GUI allows the designer to specify the fundamental parameters for the 

channel. For example, if the designer knows that he/she wants to use 80 GHz, and has a 

transmitter that supports that, then it can be set. Additionally, if the transmitter has a low transmit 

power without an amplifier, then setting the maximum power output of the transmitter will assist 

with the development of the entire system.  

The parameters in this section that can be changed are the frequency, transmission power, 

channel length, receiver elevation, transmitter elevation, and optionally the elevation angle. For 

most Earth-space communication systems, the elevation angle is a set parameter. This is not the 

case though if on-ground experimentation is desired. Due to the close proximity of the 

transmitter and receiver in this case, the option for the program to calculate the elevation angle is 

beneficial. The channel specification panel and associated “pop-up” menu can be seen in Figure 

6. 

Figure 6. (a) The Channel Specification Panel (Left) Is What The User Normally Sees On 
The Main GUI; (b) The Pop-up Menu (Right) Is What The User Sees When The 

“Parameters” Button Has Been Selected 



Approved for Public Release; Distribution is Unlimited.

32 

In addition, each parameter has limits that are specified and enforced in the program. The 

frequency entry can be an array of single valued elements. This is advantageous for results 

requiring frequency sweeps.  

1 ൑ ݕܿ݊݁ݑݍ݁ݎ݂ ൑  (99)  .ݖܪܩ	100

The “Transmit Power” entry is the user set power without the addition of any losses. The entry 

must be a real power, but has no value limitations: 

Թሼ ்ܲሽ ൌ ்ܲ.  (100) 

The “Channel Length” must be greater than 0 km, but can be a very small fraction if desired. The 

upper limit is set at 100 km, although, at large distances, some computations can become intense 

and time consuming. The upper limit can be removed if the processing unit is capable: 

0 ൏ ܮܥ ൑ 100 km.  (101) 

The elevation angle has the range of: 

0 ൏ θ ൑ 90 degrees.  (102) 

The calculation of the “Elevation Angle”, if selected, is performed by simple trigonometry. The 

angle is determined by:  

θ ൌ 	 sinିଵ
|௛೅೉ି௛ೃ೉|

஼௅
,   (103) 

where CL is the channel length, hTX is the height of the transmitter, and hRX is the height of the 

receiver. 

3.1.2.2 Site	Location	

The site location is a straight-forward, yet highly important parameter. If the region is 

known in which the communication system will be used, then statistical data on rain rates and 

other atmospheric impairments can be utilized in the system design. Ultimately, this section 

requires the user to enter both latitude and longitude values. The panel and pop-up menu can be 

seen in Figure 7. 
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Figure 7. (a) The Site Location Panel (Left) Is What The User Normally Sees On The Main 
GUI; (b) The Pop-up Menu (Right) Is What The User Sees When The “Coordinates” 

Button Has Been Selected  

3.1.2.3 Atmosphere	

The entries on this panel require specific atmospheric parameters (which are usually 

readily available) or long-term atmospheric data in order to determine the system limitations 

from an atmospheric perspective. This panel allows for the user to enter temperature, air 

pressure, humidity, season, and precipitation type. The first four parameters seem straight 

forward, but the precipitation type is a little arbitrary. This selection allows the user to specify if 

the signal interacts with ice or water in the troposphere. This parameter is slightly arbitrary, and 

could generally be chosen with the associative season. This is seen in Figure 8. 

Figure 8. (a) The Atmosphere Panel (Left) Is What The User Normally Sees On The Main 
GUI; (b) The Pop-up Menu (Right) Is What The User Sees When The “Parameters” 

Button Has Been Selected 
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The parameters ranges are as follows: 

െ273.15Ԩ ൑ (104)  ,݁ݎݑݐܽݎ݁݌݉݁ܶ

0 ൑ ݁ݎݑݏݏ݁ݎܲ ൑ 1085.7	݄ܲܽ,  (105) 

0 ൑ ݕݐ݅݀݅݉ݑܪ ൑ 100%,  (106) 

The selection of seasons is left up to the best judgment of the user, also depending on the site 

location. For example, if the site were a location in the tropical region of the world, then a good 

rule of thumb would be to select summer. Making selections in the mid-latitudes could make the 

decisions more difficult.  The precipitation type can be determined by the user’s judgment. 

Knowing the practical site environment could make this decision easier, as well as the time of 

year. 

3.1.2.4 Transmitting	and	Receiving	System	

In the GUI, the transmitting and receiving systems essentially have the same input 

parameters. Both panels call for the antenna gain, antenna diameter or largest dimension, antenna 

efficiency, system cable losses, and optionally amplifier gain and saturation power. Although 

both panels are similar, it is rare for both the transmitter and receiver to have the same system 

elements. The panels and associated pop-up menus can be seen in Figure 9 and Figure 10. An 

example of each pop-up is conveyed through these images. 

Figure 9. (a) The Transmitting Panel (Left) Is What The User Normally Sees On The Main 
GUI; (b) The Pop-up Menu (Right) Is What The User Sees When The “System 

Parameters” Button Has Been Selected; Note That The Amplifier Button Is Not Selected In 
This Case 
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Figure 10. (a) The Receiving Panel (Left) Is What The User Normally Sees On The Main 
GUI; (b) The Pop-up Menu (Right) Is What The User Sees When The “System 

Parameters” Button Has Been Selected; Note That The Amplifier Button Was Selected In 
This Case 

3.1.2.5 Atmospheric	Impairments	

The “Atmospheric Impairments” panel as seen in Figure 11, allows for the user to plan 

for a “worst-case” scenario in which rain, dust, fog, and clouds can be selected with a certain 

severity. The drop-down menus are intended for the general case, or when not much site 

information is provided. Each of the parameter sets and drop-down menus will be discussed in 

the following paragraphs. 

Figure 11. Excess Attenuation Panel 
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The “Percentage of Time” is an input that takes in the percentage of time that attenuation 

exceeds a certain limit, usually for the worst month. For example, if a system operates in a 

desert-like climate with low precipitation, then a percentage of time that attenuation for the worst 

month would be not be exceeded due to rain could be 95%. However, if the location were in a 

tropical rain forest, then then threshold might not be exceeded for only 35% of the time. Note 

that when the probability of time is chosen to exceed the threshold only 0.01% for example, 

intense attenuation can be expected. 

The rain rate entry allows for the designer to add rain attenuation onto the signal. If the 

designer has a rain rate in mind, or is trying to find a system limitation, then specific values can 

be entered. If nothing is entered, then the program references yearly statistical rain data for the 

location entered. Ultimately, it provides the rainfall rate exceeded for a percentage of time during 

an average year. 

The “Dust Storms” drop-down menu as seen in Figure 12 is a feature that allows the 

designer to take into account the signal attenuation that may occur during propagation through 

intense dust. The intensity of the storms is classified by the visibility levels, where the most 

intense is the lowest visibility level. It utilizes certain visibility levels where the smallest distance 

is the most severe case. 

Figure 12. Dust Storms Visibility Level Drop-Down Menu; Note That The Lower The 
Visibility, The More Severe The Attenuation Is Expected To Be 

Although the cloud and fog attenuation contributions are estimated using the same 

models, the perception of both is very different to the user. Therefore the parameters were 
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seperated for operator convenience. The fog section also allows for the designer to either select 

the fog density or the visibility level. The “Fog Thickness” drop-down allows for the selection of 

different levels of density and is meant for the general case. The visibility parameter entry 

calculates the anticipated fog water content based on the visibility level. This is the better choice 

when more accuracy is required. 

Finally, the cloud section allows the designer to anticipate the impact of clouds on the 

link. The designer has the choice of selecting cloud type, or entering the liquid water content in 

g/m3. This section differs from that of the fog section in that clouds typically have a much higher 

water content that fog does. 

3.1.2.6 Plotting	Options	

This section of the GUI is straight forward as seen in Figure 13. The designer has the 

option to plot predicted received power, signal amplitude, and the expected magnitude and phase 

for the transmitting and receiving systems. Note that there is a selection that states “Measured 

RX Power”. This portion is intended to compare the predictive model results to measured results 

and requires the user to save data to an excel spreadsheet, to ensure the number of predicted 

power elements match the number of measured power elements. 

Figure 13. The Plotting Options Panel 

3.1.2.7 GUI	Outputs	

From all of the user inputs, the coupled model determines the specific attenuation due to 

gaseous absorption, rain, clouds, and dust (Figure 14). The program automatically fills out the 
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“Statistics” table, which lists the net losses, Effective Isotropic Radiated Power (EIRP), carrier-

to-noise, link margin, estimated received power, and phase parameters (Figure 15). 

Figure 14. Specific Attenuation Panel Which Only Lists The Active Attenuators In The 
Link-Budget Calculation 

Figure 15. Output Statistics Panel Which Is Filled In Every Time A Link-Budet 
Calculation Is Run 

3.1.3 Link Budget and Analysis 

Now that the coupled model has been presented, it would be useful to demonstrate the 

functionality by performing a sample link budget calculation. In order to perform the calculation, 

user determined parameters must be input to the GUI. For each panel on the GUI, every push-

button must be selected. If no values are saved, the GUI will warn the user and send default 

values to the link-budget code. For example, the channel specifications push-button was selected, 

then canceled out. The warning message that would pop up can be seen in Figure 16. If the user 
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attempts to run the link-budget calculation without all of the completion boxes checked, 

designating that input data is saved, then an error message will pop up as seen in Figure 17. For 

the sake of this example calculation, default values will be used. The input data for the GUI at 10 

GHz is shown in Table 1. 

Figure 16. Typical Warning Box That Would Pop-up When Either No Entries Were Saved 
Or The Data Fields Were Not Correctly Filled Out 

Figure 17. Typical Error Box That Would Pop-up When Program Execution Is Attempted 
Without The Necessary Input Data 

The majority of the data that is conveyed in Table 2 are typical output data sets. This 

data was manually extracted for more convenient presentation. The majority of losses seen on 

the right will not be present in the GUI output sections, but can be extracted easily. The primary 

factor of interest is the estimated received power. From there, the user can decide whether the 

power is sufficient or not. If it is sufficient, then it requires no additional efforts. If the received 

power is insufficient, then the values must be tweaked and tradeoffs must be made in order to 

achieve the required received power. 
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Table 1. Input Parameters for a Sample Link-Budget Calculation at 10 GHz 

Channel Specifications Transmitting System 

Frequency 10 GHz Antenna Gain 12.2 dBi

Transmit Power 25 dBm Largest Aperture Dimension .24 m

Transmitter 
Height 

5280 ft. Antenna Efficiency 0.5

Receiver Height 5281 ft. Pre-Amp Cable Losses 3 dB

Channel Length .046 km Post- Amp Cable Losses 3 dB

Amplifier Gain 44 dB

P1  41 dBm

Site Location 

Longitude 254

Latitude 35 Transmitting System 

Atmosphere Antenna Gain 12.2 dBi

Temperature 22 C Largest Aperture Dimension .24 m

Pressure  1024 hPa Antenna Efficiency 0.5

Humidity  30 % Cable Losses 3 dB
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Table 2. Sample Calculation at 10 GHz Performed by the Coupled Model 

LINK BUDGET at 10 GHz and 46 m 

Transmit Power 25 dBm 

Transmit Antenna Gain 12.2 dBi 

Feed Losses 3 dB Free Space Path Loss 85.7029 dB

EIRP 38 dBm Polarization Losses 3.0103 dB

Gaseous Losses 0.0005905 dB

Receive Antenna Gain 12.2 dBi Scintillation Losses 0.0017 dB

Feed Losses 3 dB Rain Losses 0 dB

Received Power -41.5156 dBm Clouds & Fog Losses 0 dB

Dust Losses 0 dB

System Noise Power -177 dBW Misc. Losses 0 dB

C/N 135.4844 dB Net Power Losses 88.7156 dB

C/N Threshold -20 dBm 

Link Margin 115.4844 dB 

In this case, the predicted received power is -41.5156 dBm whereas the noise floor is set 

at -177 dBm. It is obvious that the current system is more than sufficient since the received 

power has a high carrier-to-noise ratio, and the conservative 20 dB link margin requirement is 

adequately met. Unfortunately, the noise floor will almost never sit at -177 dBm. 

In the scenario where the noise floor was up to -52 dBm, the system would require 

modification. This would result in the link margin becoming negative by about 9 dBm. Some 

system changes that could be made are: choosing higher gain antennas, choosing low-loss cables, 

transmit at a higher power, add a high power amplifier to the transmitting system, etc. This was 

just a simple example of how the GUI could be used practically. 
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3.2 Model Validation Approach 

Every model needs to be properly tested for it to be considered a reliable design tool (i.e., 

verification and validation). The vast majority of the individual models that the coupled model is 

comprised of have been investigated extensively. However, a model uniting them all has not.  

The approach to test the developed link-budget model was relatively simple. The first 

phase would be to take simple line-of-sight (LOS) free-space measurements, and determine if the 

predicted calculations match the data well. If the system is truly LOS, then the losses 

experienced should be solely propagation losses (assuming all other losses are accounted for 

exactly). This would prove that the model can withstand the typical environment without the 

addition of excess attenuation. Depending on the prediction method’s accuracy, the next step 

would either be to improve the model, and/or attempt propagation measurements in a different 

scenario.  

Once enough data sets are collected and the model has proven to be accurate, the next 

phase would be to introduce excess attenuation to the system. The attenuation of most interest 

would be rain, since it is the one that most severely impacts satellite communication systems.  

Again, after sufficient data is collected and the model is deemed accurate, the third phase 

would be to increase the frequency in the V and W-bands to begin model characterization. In 

these frequency bands, extensive data would need to be collected, since propagation impairments 

in these bands are relatively unpredictable. 

3.3 Experiment 1 - Measuring Propagation Losses 

The first experiment had a primary goal of transmitting and receiving a signal across a 

channel in a practical situation. In addition, the secondary goal was to compare the measured 

results with the designed propagation model and determine the error. Based on the results, the 

decision would be made to either continue further development of the models, or seek an 

alternate route. Therefore, it was imperative that the results be fairly accurate while allowing 

measurable losses through the air.  

The plan was to create a point-to-point link in which the power loss due to propagation 

could be directly measured, since other impairments would be minimized. This setup is also 

convenient since it would mimic a future system operating in the V and W-bands, which would 
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need to be a LOS system. After this was decided, the next decision was to use a frequency in the 

X-band. This decision was made based on two aspects: 

1. X-band frequencies are well characterized and propagation impairments are well

known, and

2. X-band equipment (e.g. transmitter and antennas) was readily available.

It was thought that if the model could predict power that accurately matches the clear-sky 

measurements, then an initial baseline would be set. The consequence of operating at such a 

distant frequency though is that the propagation impairments and system performance cannot 

necessarily be linearly scaled to higher frequencies. Since the primary goal was only to create a 

link, this issue was left alone. 

Following the macroscopic system specifications, the next decision was to implement the 

experiment while mitigating as many external loss sources as possible. In order to minimize the 

effect of multipath and ground reflections as much possible, the transmitter and receiver were 

placed on the roofs of neighboring buildings at the University of New Mexico (UNM). The 

channel was specifically setup between the roofs of UNM’s Electrical & Computer Engineering 

and Centennial Engineering Buildings as can be seen in Figure 18. 

Figure 18. An Overview of the First Propagation Experiment at 10 GHz 
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Originally, it was thought that a power sweep would be beneficial to the work. After 

obtaining a better idea of what the overall goal was, that idea seemed to be unnecessary, although 

it was still performed in the first experiment. An overview of the experimental setup can be seen 

in Figure 18. An actual picture from the experiment is shown in Figure 19. In order to achieve 

the experimental goals, specific equipment that met the requirements was utilized. The 

equipment used is split into two categories below; transmitting system and receiving system. 

These are described below. 

Figure 19. Actual Footage of the First Experiment at 10 GHz 

3.3.1 Transmitting System 

 Signal Generator – HP 83752B Synthesized Sweeper

o Capable of generating continuous waves (CWs) with transmit power at 25

dBm

o Frequency Range from 10 MHz to 20 GHz

 Transmitting Antenna – SAS-571 Double Ridge Guide Horn Antenna

o Wideband antenna (700 MHz – 18 GHz)

o Approximately 12.2 dBi of gain at 10 GHz

 Sub-Miniature version A (SMA) 3.5mm connector cable
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3.3.2 Receiving System 

 Receiver – N9030A PXA Signal Analyzer

o Capable of measuring signal levels near -159 dBm at 10 GHz.

o Can handle frequencies up to 110 GHz.

 Receiving Antenna – SAS-571 Double Ridge Guide Horn Antenna

o Wideband antenna (700 MHz – 18 GHz)

o Approximately 12.2 dBi of gain at 10 GHz

 SMA 3.5mm connector cable

3.3.3 Specifications 

Many different data parameters such as meteorological data and channel specifications 

were needed in order to accurately predict the received power. At the time, local rather than site 

specific meteorological data was utilized. The receiver location and channel length were 

determined through the Google Earth program, since physical measurements could not be taken. 

The antenna heights and aperture dimensions were measured by hand. The antenna efficiency of 

0.5 tends to be a common conservative value used by most. The cable losses were measured after 

the experiment using a network analyzer. Although not listed here, the model incorporates a 3 dB 

loss due to polarization mismatch, which is also a conservative, but a practical value for this. The 

input data for the GUI is shown in Table 3. As mentioned previously, a power sweep was 

performed at 10 GHz during this experiment because it was originally thought to be beneficial. 

Since this was proved to be unnecessary, it is not mentioned in Table 3. For further reference, the 

output powers tested were 11, 14, 17, 20, and 23 dBm. The parameters in Table 3 were input into 

the coupled model and a simulation was run. The expected performance is conveyed in Table 4. 

Since then, modifications have been made to the link-budget model, and the original predicted 

data slightly differed. This is conveyed in Table 5. 
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Table 3. Input Parameters and Link-Budget Calculations for the First Experiment 

Channel Specifications Transmitting System 

Frequency 10 GHz Antenna Gain 12.2 dBi 

Transmit Power 23 dBm 
Largest Aperture 
Dimension 

0.24 m 

Transmitter Height 5201 ft. Antenna Efficiency 0.5 

Receiver Height 5205 ft. Cable Losses -3.217 

Channel Length 0.0467 km 

Site Location 

Longitude 253.63

Latitude 35.05 Receiving System 

Atmosphere Antenna Gain 12.2 dBi 

Temperature 22 C 
Largest Aperture 
Dimension 

0.24 m 

Pressure  1024 hPa Antenna Efficiency 0.5 

Humidity 30% Cable Losses -7.71289

Table 4. Output Data from the Link-Budget Model for the First Experiment 

LINK BUDGET at 10 GHz and 46.7 m 

Transmit Power 23 dBm Receive Antenna Gain 12.2 dBi 

Transmit Antenna Gain 12.2 dBi Feed Losses 7.71289 dB 

Feed Losses 3.217 dB Received Power -52.377 dBm

EIRP 31.983 dBm

System Noise Power -84.773 dBW

Free Space Path Loss 85.8341 dB C/N 32.396 dB 

Gaseous Loss 0.00069 dB C/N Threshold -20 dBm

Net Power Losses 88.8467 dB Link Margin 12.396 dB 
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Table 5. Output Data Post Data Analysis Discussion 

LINK BUDGET at 10 GHz and 46.7 m 

Transmit Power 23 dBm Receive Antenna Gain 12.2 dBi 

Transmit Antenna Gain 12.2 dBi Feed Losses 7.71289 dB 

Feed Losses 3.217 dB Received Power -52.377 dBm

EIRP 31.983 dBm

System Noise Power -84.773 dBW

Free Space Path Loss 85.8341 dB C/N 32.396 dB 

Gaseous Loss 0.00069 dB C/N Threshold -20 dBm

Net Power Losses 88.8467 dB Link Margin 12.396 dB 

3.4 Experiment 2 – Quantifying Accuracy in an Anechoic Chamber 

Following the discovery of a rain simulator, further out-door measurements were desired. 

Prior to working with the rain simulator, it was desired to quantify the model’s accuracy without 

influence of any external sources (multipath and outside noise). This was important, since the 

specific attenuation expected at 10 GHz is only 0.8134 dB/km. This specific attenuation was 

troublesome since the rain simulator only spanned a maximum distance of 59 feet. In order to 

eliminate the vast majority of noise sources and multipath, an anechoic chamber was needed. 

The large-scale anechoic chamber operated by the Air Force Research Laboratories was used for 

this. 

The additional data taken were measurements at several frequencies above 10 GHz. To 

satisfy this requirement, the frequencies of 20, 30, and 40 GHz were also investigated. These 

frequencies are much easier to detect losses with since they are much more sensitive to exterior 

attenuation than the lower X-band frequencies. At this time, the use of higher frequency channels 

and equipment were not thought to be used in the field test, but rather just for model verification. 

In the anechoic chamber, several received power measurements were taken at all four 

frequencies to determine propagation losses. The experimental setup can be vaguely seen in 

Figure 20. 
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Figure 20. Actual Footage of the Experiment at 10, 20, 30, and 40 GHz within the Anechoic 
Chamber 

In order to achieve the experimental goals, specific equipment that met the requirements 

was utilized. In this case, two different communication links were created; one utilizing the 

original test equipment for 10 GHz, and another for the other three frequencies utilizing 

equipment rated for higher frequencies. The equipment used is split into four categories; a 

transmitting system and receiving system for 10 GHz, and a transmitting system and receiving 

system for 20, 30, 40 GHz. These are seen below. 

3.4.1 10 GHz Transmitting System 

 Signal Generator – HP 83752B Synthesized Sweeper

o Capable of generating continuous waves (CWs) with transmit power at 15

dBm

o Frequency Range from 10 MHz to 20 GHz

 Transmitting Antenna – SAS-571 Double Ridge Guide Horn Antenna
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o Wideband antenna (700 MHz – 18 GHz)

o Approximately 12.2 dBi of gain at 10 GHz

 SMA 3.5mm connector cable

3.4.2 10 GHz Receiving System 

 Receiver – N9030A PXA Signal Analyzer

o Capable of measuring signal levels near -159 dBm at 10 GHz.

o Can handle frequencies up to 110 GHz

 Receiving Antenna – SAS-571 Double Ridge Guide Horn Antenna

o Wideband antenna (700 MHz – 18 GHz)

o Approximately 12.2 dBi of gain at 10 GHz

 SMA 3.5mm connector cable

3.4.3 20, 30, and 40 GHz Transmitting System 

 Signal Generator – Agilent E8257D

o Capable of generating continuous waves (CWs) with transmit power at 15

dBm

o Maximum Operating Frequency - 50 GHz

 Transmitting Antenna – AH-840 Horn Antenna

o Broadband antenna (18 - 40 GHz)

o Approximately 21.63, 23.65, and 21.05 dBi of gain at 20, 30, and 40 GHz

respectively

 SMA K-type connector cables

3.4.4 20, 30, & 40 GHz Receiving System 

 Receiver – N9030A PXA Signal Analyzer

o Capable of measuring signal levels near -159 dBm at 10 GHz.

o Can handle frequencies up to 110 GHz

 Receiving Antenna – AH-840 Horn Antenna

o Broadband antenna (18 - 40 GHz)
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o Approximately 21.63, 23.65, and 21.05 dBi of gain at 20, 30, and 40 GHz

respectively

 SMA K-type connector cables

3.4.5 Specifications 

The antenna efficiency of 0.5 was used in the predictive calculation for all four 

frequencies. The cable losses were only predicted in this case, since the equipment used could 

not be removed from the facility. The predictions were made according to manufacturer 

specifications. In this particular case, the only anticipated losses that were not included in the 

model were attributed to pointing losses. The input data for the GUI at 10 GHz and 20-40 GHz 

are shown in Table 6 and Table 7, respectively. The expected performance predictions are 

displayed in Table 8, Table 9, Table 10, and Table 11. 

Table 6. Link-Budget Calculation at 10 GHz 

LINK BUDGET at 10 GHz  and 19.431 m 

Transmit Power 15 dBm 

Transmit Antenna Gain 12.2 dBi 

Feed Losses 0.87 dB Free Space Path Loss 78.2177 dB

EIRP 26.33 dBm Polarization Losses 3.0103 dB

Gaseous Losses 0.000245 dB

Receive Antenna Gain 12.2 dBi Scintillation Losses 0.0016 dB

Feed Losses 0.87 dB Rain Losses 0 dB

Received Power -43.5698 dBm Clouds & Fog Losses 0 dB

Dust Losses 0 dB

System Noise Power -177 dBW Misc. Losses 0 dB

C/N 133.4302 dB Net Power Losses 81.2298 dB

C/N Threshold -20 dBm 

Link Margin 113.4302 dB 
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Table 7. Input Parameters for Link-Budget Calculations at 20-40 GHz 

Channel Specifications Transmitting System 

Frequency 20, 30, 40 GHz 
Antenna Gain 
(20, 30, 40 GHz) 

21.63, 23.65, 21.05 dBi 

Transmit Power 15 dBm 
Largest Aperture 
Dimension 

0.06858 m 

Transmitter Height 5235.8125 ft. Antenna Efficiency 0.5 

Receiver Height 5376.785 ft. 
Cable Losses 
(20, 30, 40 GHz) 

3.39, 4.33, 7.32  dB 

Channel Length 0.019431 km 

Site Location 

Longitude 253.64

Latitude 35.2 Receiving System 

Atmosphere Antenna Gain 12.2 dBi 

Temperature 21.1111 C 
Largest Aperture 
Dimension 

0.06858 m 

Pressure 1009.34 hPa Antenna Efficiency 0.5 

Humidity 26% 
Cable Losses 
(20, 30, 40 GHz) 

2.35, 2.83, 4.86 dB 
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Table 8. Link-Budget Calculation at 10 GHz 

LINK BUDGET at 10 GHz  and 19.431 m 

Transmit Power 15 dBm 

Transmit Antenna Gain 12.2 dBi 

Feed Losses 0.87 dB Free Space Path Loss 78.2177 dB

EIRP 26.33 dBm Polarization Losses 3.0103 dB

Gaseous Losses 0.000245 dB

Receive Antenna Gain 12.2 dBi Scintillation Losses 0.0016 dB

Feed Losses 0.87 dB Rain Losses 0 dB

Received Power -43.5698 dBm Clouds & Fog Losses 0 dB

Dust Losses 0 dB

System Noise Power -177 dBW Misc. Losses 0 dB

C/N 133.4302 dB Net Power Losses 81.2298 dB

C/N Threshold -20 dBm 

Link Margin 113.4302 dB 
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Table 9. Link-Budget Calculation at 20 GHz 

LINK BUDGET at 20 GHz and 19.431 m 

Transmit Power 15 dBm 

Transmit Antenna Gain 21.63 dBi 

Feed Losses 3.39 dB Free Space Path Loss 84.2383 dB

EIRP 33.24 dBm Polarization Losses 3.0103 dB

Gaseous Losses 0.0019 dB

Receive Antenna Gain 21.63 dBi Scintillation Losses 0.0024 dB

Feed Losses 2.35 dB Rain Losses 0 dB

Received Power -34.7328 dBm Clouds & Fog Losses 0 dB

Dust Losses 0 dB

System Noise Power -177 dBW Misc. Losses 0 dB

C/N 142.2672 dB Net Power Losses 87.2528 dB

C/N Threshold -20 dBm 

Link Margin 122.2672 dB 
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Table 10. Link-Budget Calculation at 30 GHz 

LINK BUDGET at 30 GHz and 19.431 m 

Transmit Power 15 dBm 

Transmit Antenna Gain 23.65 dBi 

Feed Losses 4.33 dB Free Space Path Loss 87.7601 dB

EIRP 34.32 dBm Polarization Losses 3.0103 dB

Gaseous Losses 0.0016 dB

Receive Antenna Gain 23.65 dBi Scintillation Losses 0.003 dB

Feed Losses 2.83 dB Rain Losses 0 dB

Received Power -35.65 dBm Clouds & Fog Losses 0 dB

Dust Losses 0 dB

System Noise Power -177 dBW Misc. Losses 0 dB

C/N 141.365 dB Net Power Losses 90.775 dB

C/N Threshold -20 dBm 

Link Margin 121.365 dB 
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Table 11. Link-Budget Calculation at 40 GHz 

LINK BUDGET at 40 GHz and 19.431 m 

Transmit Power 15 dBm 

Transmit Antenna Gain 21.05 dBi 

Feed Losses 7.32 dB Free Space Path Loss 90.2589 dB

EIRP   dBm Polarization Losses 3.0103 dB

Gaseous Losses 0.0022 dB

Receive Antenna Gain 21.05 dBi Scintillation Losses 0.0035 dB

Feed Losses 4.86 dB Rain Losses 0 dB

Received Power dBm Clouds & Fog Losses 0 dB

Dust Losses 0 dB

System Noise Power -177 dBW Misc. Losses 0 dB

C/N dB Net Power Losses 93.2749 dB

C/N Threshold -20 dBm 

Link Margin dB 

3.5 Experiment 3 – Quantifying Model Accuracy with Rain Impairment 

Once it was determined that the model was tested adequately under clear-sky conditions, 

it was decided to further examine the model’s capabilities by adding precipitation into the 

equation. As mentioned previously, a UNM rain simulator was discovered and utilized to 

validate the coupled model with precipitation attenuation. The rain simulator was designed to 

simulate monsoon-like rainfall to monitor vegetation growth and soil variations on a 9 x 14 m 

plot. For their purposes, the rainfall had to be uniform throughout the plot, and the distribution 

lines had to be high enough to allow the rain drop to achieve a near natural velocity. They 

achieved the uniform distribution in their design by utilizing rain drop quality sprinkler heads 

and creating an overlapping circular rain patterns. This can be seen in Figure 21. 
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Figure 21. Top View Animation of the Rain Simulator Exemplifying the Uniform 
Distribution of Rainfall 

Throughout the summer, the Biologist group emulated 20 mm/hour and 60 mm/hour rain 

events. Although the simulators are unable to operate for an entire hour, the rain rates were 

provided by the Biologist group. It was desired to perform several experiments to acquire a 

decent amount of data for analysis. The plan was then to perform two experiments with rainfall 

at 20 mm/hour, and one experiment with rainfall at 60 mm/hour. More would have been desired, 

but the experiment schedule for the Biologists was coming to an end. This experiment was to be 

the first experiment with rainfall at 20 mm/hour. 

Unfortunately, the rainfall zone is relatively small, spanning over a 14 x 9 m plot. Due to 

the limited measurement area, exploiting the space was important. It was decided to have the 

wave propagate diagonally across the rain area in order to increase the distance in which the 

signal was interacting with rain. This would also increase the rain’s impact on the signal. 

Another important part of the experiment to be mentioned was the approximate time of 

the execution. Since the rain simulator is located outside, it is subject to uncontrollable forces 

like wind. Wind has a negative impact on the rain simulator, since it tends to redirect rainfall 

outside the measurement area resulting in non-uniform rainfall. In an attempt to eliminate wind 

effects, the experiments were scheduled to occur from 8:00 AM to 9:00 AM. The Biology team 

stated that wind speeds are generally less intense in the early mornings during the summer. 

Three sets of ten measurements were to be taken during this experiment; a set before 

rainfall, a set during rainfall, and a set following the rainfall. The reason for multiple 

measurement sets was that multipath was expected to occur during the experiment, and the effect 

would change throughout. It was believed that it would change throughout because the ground, 
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which was in close proximity to the antennas, would accumulate the rapidly falling rain water at 

the surface before it could absorb it. 

To summarize, the goal of this experiment was to measure the propagation losses across 

the plot at 10 GHz prior to, during, and following the rain simulation. The hope was that 

noticeable losses would be measured and the results would match the link-budget model. As in 

the first experiment, a single 10 GHz communications link was setup to test the model. The 

equipment used was split into three categories below; a transmitting system and a receiving 

system for 10 GHz, and miscellaneous equipment. These are described below. 

3.5.1 10 GHz Transmitting System 

 Signal Generator – HP 83752B Synthesized Sweeper

o Capable of generating CWs with transmit power at 15 dBm

o Frequency Range from 10 MHz to 20 GHz

 Transmitting Antenna – SAS-571 Double Ridge Guide Horn Antenna

o Wideband antenna (700 MHz – 18 GHz)

o Approximately 12.2 dBi of gain at 10 GHz

 X-Band Amplifier by Microsemi

o Provides approximately 42 dB of gain

o Has a saturation power at approximately 40.3 dBm

 2 SMA 3.5mm connector cables

3.5.2 10 GHz Receiving System 

 Receiver – N9030A PXA Signal Analyzer

o Capable of measuring signal levels near -159 dBm at 10 GHz.

o Can handle frequencies up to 110 GHz

 Receiving Antenna – SAS-571 Double Ridge Guide Horn Antenna

o Wideband antenna (700 MHz – 18 GHz)

o Approximately 12.2 dBi of gain at 10 GHz

 SMA 3.5mm connector cable
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3.5.3 Miscellaneous Equipment 

 Electric Power Generator

o Craftsman Model 580.329120

o 3000W

o AC 20A and 120V

o DC 10A and 12V

 Two 100 ft. 14 gauge extension cords

 DC Power Supply

o Capable of generating 12V and 6A

 Two fold-out tables to hold equipment

3.5.4 Input Parameters and Predicted Performance 

As in all of the experiments, many different data parameters such as meteorological data 

and channel specifications were needed in order to accurately predict the received power. Site 

specific meteorological and locational data was provided by the Biology department and verified 

via the Google Earth Application. The altitude was determined through Google Earth. 

The channel length, antenna heights, aperture dimensions, and cable losses were 

measured manually. Although losses due to multipath were expected, no additional losses were 

added to the model. The input parameters for the GUI at 10 GHz is shown in Table 12. The 

predictive measurements during rain and in the clear-sky scenario can be seen in Table 13 and 

Table 14, respectively. 
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Table 12. Input Parameters for a Link-Budget Calculation at 10 GHz 

Channel Specifications Transmitting System 

Frequency 10 GHz Antenna Gain 12.2 dBi

Transmit Power 25 dBm Largest Aperture Dimension 0.24 m

Transmitter 
Height 

5276 ft. Antenna Efficiency 0.5

Receiver Height 5275.833 ft. Pre-Amp Cable Losses 8.0347 dB

Channel Length .01788 km Post- Amp Cable Losses 3.2412 dB

Amplifier Gain 42 dB

P1  40.3 dBm

Site Location 

Longitude 253.273749

Latitude 34.344021 Receiving System 

Atmosphere Antenna Gain 12.2 dBi

Temperature 24.87 C Largest Aperture Dimension .24 m

Pressure  845.249 hPa Antenna Efficiency 0.5

Humidity 41.42 % Cable Losses 2.0494 dB
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Table 13. Link-Budget Calculation at 10 GHz During a Rainfall at 20 mm/hour 

LINK BUDGET at 10 GHz  and 17.88 m 

Transmit Power 25 dBm 

Transmit Antenna Gain 12.2 dBi 

EIRP 37.0588 dBm Free Space Path Loss 77.4951 dB

  Polarization Losses 3.0103 dB

Gaseous Losses 0.0001678 dB

Receive Antenna Gain 12.2 dBi Scintillation Losses 0.0022 dB

Received Power -33.3796 dBm Rain Losses 0.0834 dB

Clouds & Fog Losses 0 dB

Dust Losses 0 dB

System Noise Power -177 dBW Misc. Losses 0 dB

C/N 143.6204 dB Net Power Losses 80.5890 dB

C/N Threshold -20 dBm 

Link Margin 123.6240 dB 
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Table 14. Link-Budget Calculation at 10 GHz During Clear-Sky Atmosphere 

LINK BUDGET at 10 GHz  and 17.88 m 

Transmit Power 25 dBm 

Transmit Antenna Gain 12.2 dBi 

EIRP 37.0588 dBm Free Space Path Loss 77.4951 dB

  Polarization Losses 3.0103 dB

Gaseous Losses 0.0001678 dB

Receive Antenna Gain 12.2 dBi Scintillation Losses 0.0022 dB

Received Power -33.3796 dBm Rain Losses 0 dB

Clouds & Fog Losses 0 dB

Dust Losses 0 dB

System Noise Power -177 dBW Misc. Losses 0 dB

C/N 143.6204 dB Net Power Losses 80.5078 dB

C/N Threshold -20 dBm 

Link Margin 123.6240 dB 

3.6 Experiment 4 – Quantifying Model Accuracy with Rain Impairment Again 

The fourth and final experiment was the culmination of the prior experiments. As 

mentioned previously, the original plan was to perform a couple of experiments with the 20 

mm/hour rainfall, and one at 60 mm/hour. Following the first rain experiment, it was determined 

that the impact of precipitation on a 10 GHz signal was minimal and could not be detected with a 

short range communication link. As a result, higher frequency operations were needed to analyze 

the model’s accuracy. The specific attenuation at 10, 20, 30, and 40 GHz was calculated, and it 

was determined that propagation at the higher frequencies would experience higher losses even 

with a small channel length. 

Though it took some time, the 20-40 GHz RF equipment that was used in the second 

experiment was made available to exploit in the final experiment. In order to perform the 

experiment with the equipment available, two channels needed to be created; one intended for 10 

GHz propagation, and another that can perform 20, 30, and 40 GHz propagation. The high rain 
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rates turned out to be very beneficial since they magnified the attenuation effect. Therefore, in 

order to maximize the impact that the rain would have on the wave propagation, the higher 

rainfall rate event was chosen for experimentation. 

The goal of this final experiment was to measure the propagation losses across the plot at 

10, 20, 30, and 40 GHz prior to, during, and following the rain simulation. The hope was that 

noticeable losses would be measured and the results would match the link-budget model. As in 

the previous experiment, a generator that could support the equipment’s power requirements was 

utilized. The experimental setup can be seen in Figure 22. 

Figure 22. The Rainfall Experimental Setup; Note the Appreciable Height of the Water 
Distribution Lines and the Relatively Clear LOS Path 

As mentioned previously, the Biologist group performed rain experiments throughout the 

summer. The original plans for the rain simulator experiment specified that measurements would 

be taken during several rain emulations to achieve a large amount of data. This was not the case 

though for two reasons: 

 The original plan only included experiments at 10 GHz, and

 The equipment needed to perform this experiment at higher frequencies was only

available for a small window of time.

As stated above, the plan originally specified several experiments at 10 GHz. The findings from 

the third experiment indicated that appreciable losses due to rain could not be accounted for 

precisely. The more sensitive frequencies were needed to be used and this will be discussed in 
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more detail. Ultimately, the mission of this final experiment was to record measureable losses 

that could be cross-compared against the coupled model. The communication links operating at 

10, 20, 30, and 40 GHz would hopefully show the rain loss relationship as expected. 

As mentioned previously, two different communication links were created; one utilizing 

the original test equipment for 10 GHz, and another for the other three frequencies utilizing 

equipment rated for higher frequencies. The equipment used is split into five categories below; a 

transmitting system and receiving system for 10 GHz, a transmitting system and receiving 

system for 20, 30, 40 GHz, and miscellaneous equipment. These are seen below. 

3.6.1 10 GHz Transmitting System 

 Signal Generator – HP 83752B Synthesized Sweeper

o Capable of generating continuous waves (CWs) with transmit power at 15

dBm

o Frequency Range from 10 MHz to 20 GHz

 Transmitting Antenna – SAS-571 Double Ridge Guide Horn Antenna

o Wideband antenna (700 MHz – 18 GHz)

o Approximately 12.2 dBi of gain at 10 GHz

 X-Band Amplifier by Microsemi

o Provides approximately 42 dB of gain

o Has a saturation power at approximately 40.3 dBm

 2 SMA 3.5mm connector cables

3.6.2 10 GHz Receiving System 

 Receiver – N9030A PXA Signal Analyzer

o Capable of measuring signal levels near -159 dBm at 10 GHz.

o Can handle frequencies up to 110 GHz

 Receiving Antenna – SAS-571 Double Ridge Guide Horn Antenna

o Wideband antenna (700 MHz – 18 GHz)

o Approximately 12.2 dBi of gain at 10 GHz

 SMA 3.5mm connector cable
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3.6.3 20, 30, and 40 GHz Transmitting System 

 Signal Generator – Agilent E8257D

o Capable of generating CW with transmit power at 15 dBm

o Maximum Operating Frequency - 50 GHz

 Transmitting Antenna – AH-840 Horn Antenna

o Broadband antenna (18 - 40 GHz)

o Approximately 21.63, 23.65, and 21.05 dBi of gain at 20, 30, and 40 GHz

respectively

3.6.4 20, 30, and 40 GHz Receiving System 

 Receiver – N9030A PXA Signal Analyzer

o Capable of measuring signal levels near -159 dBm at 10 GHz.

o Can handle frequencies up to 110 GHz

 Receiving Antenna – AH-840 Horn Antenna

o Broadband antenna (18 - 40 GHz)

o Approximately 21.63, 23.65, and 21.05 dBi of gain at 20, 30, and 40 GHz,

respectively.

3.6.5 Miscellaneous Equipment 

 Electric Power Generator

o Craftsman Model 580.329120

o 3000 W

o AC 20A and 120V

o DC 10A and 12V

 Two 100 ft. 14 gauge extension cords

 DC Power Supply

o Capable of generating 12V and 6A

 Two 6 ft. X 8 ft. tarps (for equipment protection)

 Two fold-out tables to hold equipment.
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3.6.6 Input Parameters and Predicted Performance 

Many different data parameters such as meteorological data and channel specifications 

were needed in order to accurately predict the received power. Site specific meteorological data 

was utilized to achieve maximum accuracy for modeling. The receiver location was provided by 

the Biology department and verified via the Google Earth Application. The altitude was 

determined through Google Earth. The channel length was measured across the measurement 

area. The antenna heights and aperture dimensions were measured by hand. The cable losses 

were measured with a network analyzer following experimentation. Although losses due to 

multipath were expected, no additional losses were added to the model. The input data for the 

GUI at 10 GHz and 20-40 GHz are shown in Table 15 and Table 16, respectively. 

Table 15. Input Parameters for a Link-Budget Calculation at 10 GHz 

Channel Specifications Transmitting System 

Frequency 10 GHz Antenna Gain 12.2 dBi

Transmit Power 25 dBm Largest Aperture Dimension 0.24 m

Transmitter 
Height 

5276.25 ft. Antenna Efficiency 0.5

Receiver Height 5276.125 ft. Pre-Amp Cable Losses 1.63 dB

Channel Length 0.0181356 km Post- Amp Cable Losses 7.10 dB

Amplifier Gain 42 dB

P1  40.3 dBm

Site Location 

Longitude 253.273749

Latitude 34.344021 Receiving System 

Atmosphere Antenna Gain 12.2 dBi

Temperature 26.44 C Largest Aperture Dimension 0.24 m

Pressure  845.514 hPa Antenna Efficiency 0.5

Humidity 43.37% Cable Losses 2.36 dB
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Table 16. Input Parameters for a Link-Budget Calculation at 20, 30, and 40 GHz 

Channel Specifications Transmitting System 

Frequency 
20, 30, 40 

GHz

Antenna Gain 21.63, 23.65, 
21.05 dBi(20, 30, 40 GHz) 

Transmit Power 15 dBm
Largest Aperture 
Dimension 

0.06858 m

Transmitter Height 5276.6667 ft. Antenna Efficiency 0.5

Receiver Height 5276.5 ft.
Cable Losses 3.39, 4.33, 7.32  

dB(20, 30, 40 GHz) 

Channel Length 0.0172 km

Site Location 

Longitude 253.273749

Latitude 34.344021 Receiving System 

Atmosphere Antenna Gain 12.2 dBi

Temperature 26.44 C
Largest Aperture 
Dimension 

0.06858 m

Pressure  845.514 hPa Antenna Efficiency 0.5

Humidity 43.27% Cable Losses
2.36, 2.83, 4.86 

dB

(20, 30, 40 GHz) 

As in the previous experiments, the channels were evaluated using the coupled model 

using the given input parameters. In this case, there was a total of eight simulations ran. To make 

the reading more convenient, only the received power and expected rain losses will be included 

in Table 17. Note that the frequencies in Table 17 cannot be directly compared to each other due 

to the different antenna gains, cables losses, and completely different transmitting systems as in 

the case of the 10 GHz channel. 
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Table 17. Expected Performance at 10, 20, 30, and 40 GHz 

Frequency 
(GHz) 

Clear-Sky Received 
Power (dBm) 

Received Power 
with Rain  (dBm) 

Rain Losses (dB) 

10 -37.59 -37.84 0.25

20 -33.69 -34.65 0.97

30 -34.58 -36.51 1.94

40 -47.30 -50.28 2.99

4 RESULTS AND DISCUSSION 

4.1 Experiment 1 – Measuring Propagation Losses 

In this first experiment, no redundant measurements were taken at any power. The raw 

power measured at 10 GHz with their respective input power levels are conveyed in Table 18 

and Figure 23. The raw power readings are seen in Figure 24 through Figure 28. From the 

figures, it is evident that the frequency spanned from 9 to 11 GHz. This allowed for non-typical 

signals to be detected in the received power measurements. From these figures, the center 

frequency is easily spotted, even at the low transmission power of 14 dBm as seen in Figure 28. 

Table 18. Measured Received Power at 10 GHz for a Channel Length of 46m. 

TX Power (dBm) RX Power (dBm) 

11 -58.64

14 -57.46

17 -54.67

20 -52.12

23 -50.94
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Figure 23. Measured Received Power at 10 GHz for a Channel Length of 46m 

Figure 24. Measured Received Power at 10 GHz for a Transmit Power of 23 dBm 
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Figure 25. Measured Received Power at 10 GHz for a Transmit Power of 20 dBm 

Figure 26. Measured Received Power at 10 GHz for a Transmit Power of 17 dBm 
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Figure 27. Measured Received Power at 10 GHz for a Transmit Power of 14 dBm 

Figure 28. Measured Received Power at 10 GHz for a Transmit Power of 11 dBm 

A link-budget calculation was performed for this experiment only using 23 dBm as the 

transmission power. In the actual experiment, this was not the case. Received power levels were 
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of the data captured, the measured values were compared to the predicted model values, which is 

conveyed in Figure 29 and displayed in Table 19. 

Figure 29. The Predicted Received Power Compared Against the Measured Values 

Table 19. The Initial Comparison Between the Measured Results and the Predicted Data 

Transmitted 
Power (dB) 

Predicted 
Receive 

Power (dB) 

Measured 
(dB) 

Difference 
(dB) 

11 -59.31 -58.64 0.67

14 -56.31 -57.46 -1.15

17 -53.31 -54.67 -1.36

20 -50.31 -52.12 -1.81

23 -47.31  -50.94 -3.63

From Table 19, two simple observations can be made, (1) the received power was 

measured successfully, and (2) the prediction model is relatively close to the measured power. At 

this point, the initial goals of the first experiment were met. However, it was necessary to 

analyze the data received in order to improve the current model, and understand any 
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shortcomings. In Figure 29, the predicted power follows a linear relationship, whereas the 

measured data moves around. The predicted power also appears to be higher than that of the 

measured values for most transmitted powers. The measured power and predicted powers should 

theoretically match exactly if performed correctly. 

In theory, the power measured should follow a linear relationship, as long as the input 

power does not surpass the antenna limitations. From Figure 29, the power appears to be rolling 

off, as if it were somehow saturating. The SAS 571 horn antenna is specified to have a maximum 

continuous power of 300 W, which is approximately 54.8 dBm. The input powers for this 

experiment clearly do not pass this threshold with the largest power being 23 dBm without 

additional losses. Since no violation is present, the error must come from the measuring 

technique, unaccounted losses, or a combination of the two. This is a much more probable 

explanation given the propagation environment and the lack of experience in recording 

measurements (at the time).  

In Figure 19, the environmental propagation impairments can be observed. Notice that 

the roof walls are not much lower than the antennas’ heights. This could be problematic for 

transmitted signal with low directivity and conversely large beamwidth. Although it was not 

considered at the time of experimentation, the E-Field and H-Field half-power beam-widths for 

the SAS 571 antenna are specified to be 48 and 30, respectively. In this experiment, the electric 

field was positioned in parallel with ground, which makes the magnetic field perpendicular. 

Since the beamwidth for the H-field is 30, some interaction between the roof wall and the signal 

could be expected.  

Another loss mechanism not accounted for is the pointing loss. In the experiment, an 

attempt to mitigate this loss as much as possible was made. The antennas were moved 

individually on both sides to maximize the received power seen on the spectrum analyzer. It was 

believed that the antennas were positioned in the optimum spot, though small losses could still 

exist. 

The possible explanation for the varying power losses could be that there was a 

significant lack of data to be modeled linearly. As mentioned previously, only one measurement 

at each power was taken, which definitely supports this theory. In an attempt to quantify the 

accuracy, the measured and respective powers were normalized to their effective isotropic 

radiated power (EIRP), and then to the average. From this, an estimation of how well the model 
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performed, in general, can be found. The data supporting this is listed in Table 20 and can be 

seen in Figure 30. The power measured and predicted at the antenna, rather than the source, was 

found by simply removing the cable losses from the received powers.  

Although this statistic states nothing about the model performance with varying powers, 

it does convey the accuracy of the model with only two outliers being present in Figure 30. Even 

with five data points, there appears to be no clear convergence in the measured power. This 

makes it difficult to clearly quantify the accuracy. The only conclusion that can be made in this 

case is that the majority of data points (3/5) are within the error bars.  

Figure 30. Data Comparison Between the Normalized Data of the Predicted and Measured 
Powers 
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Table 20. The Initial Comparison Between the Measured Results and the Predicted Data 

Predicted Receive Power at 
Antenna (dB) 

-51.60 -48.60 -45.60 -42.60 -39.60 

Measured Receive Power at 
Antenna (dB) 

-50.93 -49.75 -46.96 -44.41 -43.23 

EIRP (dB) 32.2 29.2 26.2 23.2 20.2 

Predicted/ EIRP -1.603 -1.66 -1.74 -1.84 -1.96 

Measured/ EIRP -1.58 -1.70 -1.79 -1.91 -2.14 

(Predicted/EIRP)/AVG 0.91 0.95 0.99 1.04 1.11 

(Measured/EIRP)/AVG 0.87 0.93 0.98 1.05 1.17 

4.2 Experiment 2 - Quantifying Model Accuracy in an Anechoic Chamber 

The primary goal was to quantify the accuracy of the link-budget model at 10 GHz in this 

experiment. The secondary goal was to vary frequency upwards to determine if the model is 

scalable. 

4.2.1 Measurements 

For reference, the input parameters for the 10 GHz and 20, 30, and 40 GHz link-budget 

calculations can be seen in Table 21. The measured received power for each link can be seen in 

Figure 31 through Figure 34. Red lines indicate “error bars”. The data measured at each carrier 

frequency is displayed in Table 21. In each of the Figure 31 through Figure 34, it is clear where 

the signal lies. Since all signals were detected properly, analysis can be performed. In Table 21, 

it can be seen that a total of eight measurements were taken at each of the frequencies of interest, 

where the number of measurements is arbitrary. Prior to the analysis, note that 10 GHz was the 

main focus at the time. 
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Table 21. The Measured Power Values at the Primary Frequencies of Interest 

Frequency 
(GHz) 

1E+10 2E+10 3E+10 4E+10 

Meas. 1 -42.7814 -34.5725 -34.5748 -44.9946 

Meas. 2 -42.8248 -34.5313 -34.7717 -44.0781 

Meas. 3 -42.8887 -34.6085 -34.8136 -45.5619 

Meas. 4 -43.0526 -34.499 -35.0304 -44.8704 

Meas. 5 -43.1106 -34.7761 -34.7129 -45.3473 

Meas. 6 -43.0526 -34.6342 -34.793 -44.0957 

Meas. 7 -43.1364 -34.6555 -34.8739 -44.8976 

Meas. 8 -43.0702 -34.5637 -34.6798 -43.9252 

Average -42.9897 -34.6051 -34.7813 -44.7214 

Figure 31. Plot of the Raw Output Data with Maximum Power Received at 10 GHz 
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Figure 32. Plot of the Raw Output Data with Maximum Power Received at 20 GHz 

Figure 33. Plot of the Raw Output Data with Maximum Power Received at 30 GHz 
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Figure 34. Plot of the Raw Output Data With Maximum Power Received at 40 GHz 
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The difference appears to be minimal with the largest deviation being 0.85 dB at 30 GHz. 

However, it was believed that the model should nearly mimic the measured values with the only 

unaccounted loss being the pointing loss. To truly examine how well the predicted power 

compares to the measured values, it is necessary to take a closer look at the error bar regions in 

the Figure 31 through Figure 34. The zoomed in images can be seen in Figure 35 through Figure 

38. In these plots, an error bar is present which was calculated utilizing the average of the

measured powers associated with each frequency. The standard deviations for 10, 20, 30, and 40 

GHz signal measurements are 0.128, 0.081, 0.127, and 0.577, respectively. From these values, 

the spread of the measurements can be seen. Notice that the 40 GHz plot has the largest spread 

and that can be clearly conveyed in Figure 38. Along with the error bars, the predicted value and 

measured powers are also plotted on the figure represented by a blue cross and black dots 

respectively. With the majority of data points within the error bars, the number of measurements 

is believed to be sufficient. In Figure 35, notice that the predicted power is about 0.6 dBm lower 

than the measured powers. This is slightly troublesome, since it was expected that in an ideal 

scenario the model should be in the same region as the measurements. Though, one could argue 

that a model that over anticipates losses is better than one that underestimates. 

Figure 35. Scaled View of Figure 31 at 10 GHz 
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c 

Figure 36. Scaled View of Figure 32 at 20 GHz 

Figure 37. Scaled View of Figure 33 at 30 GHz 
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Figure 38. Scaled View of Figure 34 at 40 GHz 
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suggests that the model is accurate at 40 GHz in the ideal scenario. A test to ensure this would be 

to take anywhere from 20-50 measurements in the same scenario to achieve a better convergence 

of data. 

In Figure 39, the received powers and the predicted powers were normalized to their 

respective average powers. In the same manner as before, the error bars were determined by the 

standard deviation of the normalized powers. The data that is associated with this figure can be 

seen in Table 22. The point that was made about the spread being too large at 40 GHz can clearly 

been seen here as it is 2-3 times larger than that of other frequencies. 

Figure 39. Comparing Measurement Spreads and Model Accuracy at the Four Examined 
Frequencies 
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The first possibility for the mismatch is that the antenna gains do not exactly match their 

specification sheet. In the model, the gain specified is the gain used. Unless the antenna gain is 

measured exactly, then a possibility of error could always be present. 

The second and more probable reason behind the mismatch is that the channel lengths 

were not measured precisely enough. This could have happened since the measuring tape was 

not nearly long enough to measure the channel length all at once. So a couple of measurements 

were taken and added together. The other possibility is that the tape was not pulled tightly 

enough when measuring, which would allow for a dip in the tape, and ultimately creating a 

longer distance. Given that the channel length is already small, any minute differences could 

have an impact on the measurements. For example, the difference of 0.5 dB could occur if the 

channel length measured was actually a one foot longer than the actual length. 

The third possibility for the inaccuracy is that the cable losses used in the model were not 

truly representative of the cables used for the experiment. In this particular case, a network 

analyzer was not available to measure the losses and the cables were not allowed to leave the 

testing facility. This resulted in having to use a manufacturer specification for the cables used 

and predict the losses according to their length. This could result in either too much or not 

enough losses accounted for. 

Ultimately, this experiment should have been performed again to either replicate results 

or achieve more accurate ones. If this experiment were to be attempted again, the designer 

should take many more measurements at all frequencies to have a solid data set for analysis. 

More data would negate the possibilities that the measurements did not converge. If high 

precision is needed, then all antenna gains, feed losses, and cable losses need to be precisely 

measured and accounted for. 

4.3 Experiment 3 - Quantifying Model Accuracy with Rain Impairment 

Following the anechoic chamber experiment, the results were thought to be decent 

enough to continue on to the rain modeling. The goal of this experiment was to measure the 

propagation losses across the plot at 10 GHz prior to, during, and following the rain simulation. 

Noticeable losses would ideally be measured and the results would match the link-budget model. 

Several measurements prior to, during, and following the rain experiment were taken at 

10 GHz. The idea was that since the ground was in such close proximity to the transmission 
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system, water would accumulate and cause signal power to vary throughout as the refractivity of 

the ground changes. Therefore taking measurements before and after the rainfall should provide 

a rough approximation of how the index of refraction varied throughout if the measurements 

varied as well. For reference, the predictive link-budget input parameters and expected link 

budget calculations can be found in Table 12, Table 13, and Table 14. The measured values, 

predictive power, and average measured power are plotted in Figure 40, Figure 41, and Figure 42 

for the three different scenarios. The data associated with these figures can be seen in Table 23. 

Figure 40. Analyzing the Measurements Prior to Rainfall and Comparing Them to the 
Predicted Value 

9.9985 9.999 9.9995 10 10.0005 10.001 10.0015
-33

-32.5

-32

-31.5

-31

Frequency (GHz)

R
ec

ei
ve

d 
P

ow
er

 (
dB

m
)



Approved for Public Release; Distribution is Unlimited.

84 

Figure 41. Analyzing the Measurements with Rainfall and Comparing Them to the 
Predicted Value 

Figure 42. Analyzing the Measurements Post-Rainfall and Comparing Them to the 
Predicted Value 
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Table 23. Measured and Predicted Data for Clear-Sky and Rain Impairments 

Before During After

Frequency 
(Hz) 

10000 10000 10000

Meas. 1 -31.18 -23.80 -24.47

Meas. 2 -31.27 -24.30 -24.04

Meas. 3 -30.88 -24.26 -24.10

Meas. 4 -31.14 -24.56 -24.61

Meas. 5 -31.14 -24.79 -25.01

Meas. 6 -31.34 -24.63 -24.73

Meas. 7 -31.27 -25.42 -25.14

Meas. 8 -31.02 -24.53 -24.85

Meas. 9 -31.38 -24.99 -25.315

Meas. 10 -31.04 -24.85 -25.12

Model -32.60 -32.68 -32.60

To begin the analysis, a simple difference between the measured averages and the 

predictive powers is necessary. These can be seen in Table 24. A standard deviation calculation 

is also present in the same table. From Table 24, there is an immediate concern with the 

differences between the average data and the predicted data. Specifically, the differences during 

rainfall and following that are over 7 dB from the measured average. This was of a major 

concern considering that the error was present not just during the rainfall. The interesting thing to 

note is that the power received seemed to have improved 7dB during rainfall and after that. At 

the time of experimentation, this was not noticed. Unfortunately, received power increasing 

naturally does not happen without cause. It is believed that this fault was due to operator error, 

though nothing is for certain. That being said, this data set was determined to be invalid, though 

the possible reasons should be discussed. 
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Table 24. Statistical Calculations of the Measured Data 

Before During After 

Avg. (dB) -31.17 -24.61 -24.74 

Predicted (dB) -32.60 -31.68 -32.60 

Diff. (dB) 1.43196 7.0678 7.8617 

Std. Dev. 0.14865 0.42121 0.41201 

An in-depth analysis for this experiment was not necessary since there was no guarantee 

that the data recorded was accurate. Though, the experiment was not a complete loss. Some 

lessons that were learned were applied to the final experiment. Though the rain rate was at 20 

mm/hour for this experiment, it only operated at that rate for approximately 15 minutes. This 

made recording measurements extremely difficult without disturbing the biologist’s experiments. 

Had more than one person been there to assist with the setup and data measurements, the faulty 

data would have probably been discovered prior to recording. 

Another unexpected issue that came up was that small breezes created a mist with the 

rainfall and began to fall on the transmission system. This issue was very quickly resolved. 

During another occasion, the transmitter was incorrectly setup and had to be corrected quickly in 

order to continue on with the experimentation. The point of stating all of this is that there was too 

much to manage for one operator. A possibility for the errors is that during the quick 

interventions, instruments could have been bumped and accidently altered, which could result in 

faulty data recorded. 

4.4 Experiment 4 - Quantifying Model Accuracy with Rain Impairment Again 

The goal of this final experiment was to record measureable losses that could be 

compared against the coupled model. The communication links operating at 10, 20, 30, and 40 

GHz would show the rain loss relationship as expected if everything went according to plan. 

Unlike the previous experiment, measurements were required at four different frequencies. 

The execution had to be precise since it was the last time that the rain simulator would be 

operational until the spring time. For the last experiment, two people assisted in the setup and 

operation of the communication links. For reference, the input parameters and associated 
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expected results for these measurements are found in Table 15, Table 16, and Table 17. Figure 

43 through Figure 57 are plots of the measured data, and some minor analysis which will be 

discussed. 

Figure 43. Average Data Sets for Before, During, and After Rainfall for 10 GHz 

Figure 44. Average Data Set for Before Rainfall for 10 GHz (Showing Measurement Values 
(Blue ‘o’) and Predicted Values (Red ‘x’)) 
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Figure 45. Average Data Set for During Rainfall for 10 GHz (Showing Measurement 
Values (Blue ‘o’) and Predicted Values (Red ‘x’)) 

Figure 46. Average Data Sets for Before, During, and After Rainfall for 20 GHz 
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Figure 47. Average Data Set Prior to Rainfall at 20 GHz (Showing Measurement Values 
(Blue ‘o’) and Predicted Values (Red ‘x’)) 

Figure 48. Average Data Set for During Rainfall for 20 GHz (Showing Measurement 
Values (Blue ‘o’) and Predicted Values (Red ‘x’)) 
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Figure 49. Average Data Set for Post-Rainfall for 20 GHz (Showing Measurement Values 
(Blue ‘o’) and Predicted Values (Red ‘x’)) 

Figure 50. Average Data Sets for Before, During, and After Rainfall for 30 GHz 
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Figure 51. Average Data Set For Before Rainfall for 30 GHz (Showing Measurement 
Values (Blue ‘o’) and Predicted Values (Red ‘x’)) 

Figure 52. Average Data Set For During Rainfall for 30 GHz (Showing Measurement 
Values (Blue ‘o’) and Predicted Values (Red ‘x’)) 

29.9985 29.999 29.9995 30 30.0005 30.001 30.0015

-35.4

-35.2

-35

-34.8

-34.6

-34.4

-34.2

-34

-33.8

Frequency (GHz)

R
e
ce

iv
ed

 P
o
w

e
r 
(d

B
m

)

29.9994 29.9997 30.0001 30.0004 30.0007

-36.5

-36

-35.5

-35

Frequency (GHz)

R
e

ce
iv

ed
 P

o
w

e
r 

(d
B

m
)



Approved for Public Release; Distribution is Unlimited.

92 

Figure 53. Average Data Set For Post-Rainfall for 30 GHz (Showing Measurement Values 
(Blue ‘o’) and Predicted Values (Red ‘x’)) 

Figure 54. Average Data Sets For Before, During, and After Rainfall for 40 GHz 
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Figure 55. Average Data Set for Before Rainfall for 40 GHz (Showing Measurement Values 
(Blue ‘o’) and Predicted Values (Red ‘x’)) 

Figure 56. Average Data Set for During Rainfall for 40 GHz (Showing Measurement 
Values (Blue ‘o’) and Predicted Values (Red ‘x’)) 
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Figure 57. Average Data Set For Post-Rainfall for 40 GHz (Showing Measurement Values 
(Blue ‘o’) and Predicted Values (Red ‘x’)) 
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In Figure 43, this is clear since a different spike is present to the left of the other data sets. 

Though data was recorded, it was decided that the data was not truly representative of a 10 GHz 

signal since data accuracy is of high importance. One could argue that the losses expected would 

be very similar to the 10 GHz signal. It is true that the losses would be similar, but they would 

not be the same. When characterizing a model, it is of the upmost importance that the data being 

used is as accurate as possible. 

Table 25. 10 GHz Data Sets Used for Statistical Analysis 

Before (dB) During (dB) 

-34.62 -33.49

-34.17 -33.67

-33.74 -33.90

-33.62 -34.24

-33.68 -33.63

-33.97 -33.76

-33.76

-33.79

-33.86

-33.90
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Table 26. 20 GHz Data Sets Later Used for Statistical Analysis 

Before (dB)
During 

(dB) 
After (dB) 

-36.11 -36.12 -35.13 

-36.15 -36.05 -35.10 

-36.27 -36.36 -35.20 

-36.21 -36.01 -34.99 

-36.04 -36.15 -34.99 

-36.29 

-36.17 

-36.23 

-35.98 

-35.94 

Table 27. Simple Table Conveying the Average Measured Power and the Predicted 
Measured Power 

Frequency (GHz) 10 20 30 40 

Rain Predicted (dB) -36.92 -34.64 -36.51 -50.28 

Rain Meas. (dB) -33.97 -36.13 -35.28 -47.65 
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Table 28. 30 GHz Data Sets Later Used for Statistical Analysis 

Before (dB)
During 

(dB) 
After (dB) 

-35.14 -35.06 -34.71 

-35.25 -35.24 -34.84 

-35.10 -35.47 -34.77 

-35.24 -35.45 -34.75 

-34.81 -35.20 -35.33 

-35.06 

-35.46 

-35.20 

-35.19 

-35.44 

Table 29. 40 GHz Data Sets Later Used for Statistical Analysis 

Before (dB)
During 

(dB) 
After (dB) 

-45.81 -48.71 -45.24 

-45.32 -46.70 -44.68 

-45.59 -47.35 -44.69 

-46.33 -47.63 -45.26 

-46.20 -47.52 -44.49 

-48.28 

-48.18 

-47.20 

-47.13 

-47.78 
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As mentioned above, one of the main goals of this experiment was to record measurable 

differences between a clear-sky environment, and an environment with rain present. This can be 

seen in Table 30. As in the previous experiments, statistical data will assist in the evaluation of 

the model and the measured data. This can be seen in Table 31 and Table 32 for rain and clear-

sky measurements respectively. 

Table 30. Measured Data Comparison to Ensure That Losses Were Indeed Present During 
Rainfall  

Frequency (GHz) 10 20 30 40 

Clear Sky Meas. Pre Rain (dB) -33.80 -36.16 -35.11 -45.85 

Rain Meas. (dB) -33.97 -36.13 -35.28 -47.65 

Clear Sky Meas. Post Rain (dB) - -35.08 -34.88 -44.87 

Diff. Pre-Rain (dB) 0.167 -0.027 0.171 1.798 

Diff. Post-Rain (dB) - 1.045 0.399 2.773 

Table 31. Statistical Data For All Frequencies During Rainfall 

Frequency (GHz) 10 20 30 40 

Stan. Dev. 0.19 0.13 0.16 0.57 

Rain Meas. (dB) -33.97 -36.13 -35.28 -47.65 

Rain Predicted (dB) -36.92 -34.64 -36.51 -50.28 

Raw Diff (dB) -2.95 1.49 -1.24 -2.63 
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Table 32. Statistical Data For All Frequencies During The Clear-Sky Scenario 

Frequency (GHz) 10 20 30 40 Average 

Clear Sky Pred. (dB) -36.67 -33.68 -34.58 -47.30 - 

Clear Sky Meas. Pre Rain (dB) -33.97 -36.16 -35.11 -45.85 - 

Clear Sky Meas. Post Rain (dB) - -35.08 -34.88 -44.87 - 

Diff. Pre-Rain (dB) -2.70 2.48 0.53 -1.45 -0.29 

Diff. Post Rain (dB) - 1.41 0.30 -2.42 -0.24 

(Pre-Rain)-  (Post Rain) (dB) - 1.07 0.23 0.98 - 

In Table 30, it is clear that the presence of rain had a detectable impact on the radiowave. 

Note that all of the measured powers (except 10 GHz due to the lack of data) increased following 

the rainfall simulation. As mentioned above, the thought was that the addition of “standing 

water” to the ground resulted in an altered refractive index, and ultimately a more reflective 

surface. Once again this is only a hypothesis due to the time constraint.  The second set of 

differences is relatively close to the differences expected by the model. The differences expected 

from the model were 0.247, 0.963, 1.94, and 2.98 dB for 10, 20, 30, and 40 GHz respectively. 

Whereas the measured differences following the rainfall simulation were 1.04, 0.3985, and 2.63 

dB for 20, 30, and 40 GHz. With the exception of the difference at 30 GHz, the variance between 

the two is very little. 

In Table 32, the data for all frequencies during rainfall is presented. The difference 

between the average measured value and the predicted value is a little off for all frequencies. It is 

also unfortunate that the predicted values do not fall within a standard deviation of the average 

data. Therefore, these require some explanation for being far-off. 

Revisiting the anechoic chamber experiment; measureable differences were recorded at 

each frequency to indicate how far the model is away from ideal. Though no experiments have 

been performed to see if these differences are scalable to different channel lengths, the difference 

could possibly be assumed in this case. This might be the case since the channel lengths of both 
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experiments are comparable in length, with experiment 2 having a 19-m channel length and 

experiment 4 having a 17-m channel length. 

If in fact these differences are scalable and even somewhat accurate for this channel 

length, then the errors must be derivative of measurement inaccuracies and other unaccounted 

losses such as pointing losses and multipath fading. A possible correction factor for this channel 

length is applied in Table 33. Notice that the majority of the differences slightly improve with 

the addition of the correction factor. These values can be compared in the figures above as it is 

indicated by a red “x” whereas the predicted data is labeled as a blue “o”. Though this factor has 

not been fully tested, it could definitely serve as a “work-in-progress” as this project continues 

on. 

Table 33. Statistical Data with Correction Factor 

Frequency (GHz) 10 20 30 40 

Rain Predicted (dB) -36.92 -34.64 -36.51 -50.28 

Rain Meas. (dB) -33.97 -36.13 -35.28 -47.65 

Raw Diff (dB) -2.95 1.49 -1.24 -2.63 

Model Corr. (dB) 0.58 0.13 0.85 0.45 

Rain Pred. w/ Corr. (dB) -36.34 -34.51 -35.66 -49.82 

Corr Diff. (dB) -2.37 1.62 -0.38 -2.18 

In Table 32, the clear-sky data is analyzed. Again the differences present are outside the 

standard deviation of each measured data set as can be seen in Figure 44, Figure 46, Figure 47, 

Figure 49, Figure 51, Figure 52, Figure 54, and Figure 56. The most interesting thing about 

Table 32 is the differences between the data measured before and after the rainfall. In every case, 

the received power increases following the rain simulation. Ideas of constructive multipath were 

considered, but not investigated in this thesis. 

This rain experiment yielded interesting data across the board. The measurement and 

model differences were definitely present at all frequencies. Unfortunately, there is not a clear 
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understanding for the differences since some data sets are higher than the predicted while others 

are lower.  

Though there is no definite answer, several possibilities for inaccuracies in the 

measurements and the model should be discussed. The possible error that stands out first is that 

the hosting experimental team was not positive of the rain rate. Originally, it was stated that the 

rain fell at 60 mm/hour accurately. The last time around, the researchers pointed out that their 

tank was lower than usual and that could alter the rain rates. The key note for future testing is to 

examine the water tank prior to testing to ensure that the proper amount is present. 

As in the first experiment, a possibility of ground reflections was present in this case. 

This could result in multipath and additional fading or possibly constructive signals. 

Contributions due to ground reflections, especially near 40 GHz are not really expected since the 

higher frequencies attenuate easily with interferers. Though generally true, the measured data 

conveyed that the signal power increased following rainfall. This will have to be further 

investigated to really prove anything. 

As in the other experiments, inaccuracies could be resultant from poor channel 

measurements, pointing losses, and individual parts that deviate away from the specifications as 

provided by the manufacturer. 

5 CONCLUSIONS 

In conclusion, the work presented ultimately conveyed an alternative method to 

measuring propagation losses. From the results obtained, the coupled model proves to be a fair 

representation of what to expect during free-space and rain impairment situations. Though 

analysis focused heavily on the difference between the model predictions and the actual data, it is 

important to logically understand that a 2-3 dB difference at 40 GHz is not that terrible when 

planning a link. Typically a designer will plan for a link with enough margin to handle 

unexpected losses. 

The model achieved accuracies of 8.69%, -4.13%, 3.51%, and 5.52% for 10, 20, 30, and 

40 GHz respectively in comparison to the rain models. The model achieved clear-sky accuracies 

of 7.96%, -4.02%, -0.863%, and 5.4% for 10, 20, 30, and 40 GHz respectively. After the 

correction factor was included, the rain model achieved accuracies of 6.98%, -4.48%, 1.09%, and 

4.57% for 10, 20, 30, and 40 GHz, respectively. The model then achieved clear-sky accuracies of 
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6.25%, -4.38%, -3.31%, and 3.3% for 10, 20, 30, and 40 GHz respectively. However, the 

correction factor’s validity has not been decided upon, and therefore it is not recommended for 

use. Although, if this model is going to be further used for rain loss characterization, the model 

either needs to be improved to fall within the measurement region, or the differences must be 

accurately accounted for by taking a lot more data. An increase in the amount of data will ensure 

that the inaccuracies are truly from the model rather than random outliers in the data set. 

The idea of using a rain simulator is amazing in that rain losses can be measured at the 

designer’s desire. This could prove to be extremely advantageous since massive amounts of data 

can be collected independent of local weather. The use of this specific rain simulator was not 

particularly ideal due to the vegetation, but it served in proving that the developed model 

produces results relatively close to the measured results. A lesson learned a little too late was to 

completely characterize the equipment prior to use. This was a major flaw in the efforts of this 

research. Specifically, only the antenna gains provided by the manufacturer specification sheets 

were used in the predictive models. 

6 RECOMMENDATIONS 

It is often said that experimental results are only acceptable if they are repeatable. The 

first step in continuing this work should be to repeat the rain simulations and anechoic chamber 

experiments as many times as possible to obtain several data sets for analysis. The collected data 

will serve as a reference for the designer to continually characterize the model. 

Ideally, a unique rain simulator would be created specifically for the purpose of this 

mission to eliminate any unnecessary losses or unknown variables. A rain simulator could easily 

be built with raised PVC pipe, rain quality sprinkler heads, a water source, and a generator to 

pump the water. This would be very beneficial to this cause since measurements could be taken 

as need or desired. Another advantage in doing this is that experiments could occur during windy 

conditions to investigate the impact of scintillation and rain together. The challenge here would 

be to mitigate the reflections. Either special water-proof absorbing material would need to be 

used, or the antennas would have to be high enough to eliminate any reflection issues. 

Once a sufficient amount of data is collected and the model is thought to be characterized 

completely, then this work should be extended to the V and W frequency bands. Propagation 
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characterization at these bands is the ultimate goal of this experiment. If the developed model is 

characterized well enough, then it should serve as a good baseline. 

Though there are plenty of ways a model can be improved, a few convenient ones that 

were in the making are listed below. 

 The addition of a noise input box was intended to be added as a user input to the

GUI. The function noisePow.m was created for this purpose, but was unable to be

added in the interest of time. This box will allow the user to obtain accurate

carrier-to-noise ratio with knowledge of bandwidth and the noise figure or noise

temperature.

 Add the ability to save table data. Though the data can be copied out of the GUI,

it is convenient for analysis if the data be output to either a .txt or .xlsx file type.

 Add the ITU-R recommendation for depolarization losses.

 Add the ITU-R low angle fading model.
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LIST OF SYMBOLS, ABBREVIATIONS AND ACRONYMS 

ACTS Advanced Communication Technology Satellite 

CW Continuous Wave

EHF Extremely High Frequency 

EIRP Effective Isotropic Radiated Power 

FCC Federal Communications Commission 

GHz Giga Hertz

GUI Graphical User Interface 

ITU International Telecommunications Union 

LOS Line of Sight 

RF Radio Frequency  

RX Receiver Power Level 

SMA Sub-Miniature version A 

TX Transmit Power Level 

UNM University of New Mexico 
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