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Abstract 

 The USAF is interested in developing a solar powered satellite power beaming 

system using X-Band radiation for power beaming purposes. To determine the expected 

level of transmission efficiency of the system, an atmospheric characterization and 

radiative transfer modeling system called LEEDR was employed. A study was conducted 

to validate LEEDR’s performance while working with microwave frequencies by 

attempting to replicate brightness temperatures measured by a 10.7 GHz radiometer 

above the Pacific Ocean in 1999. The results were inconclusive. The climatology data 

used to create the 1999 atmosphere at times of radiometer measurement was too coarse to 

accurately determine the state of the weather. Additionally, the impact microphysical 

weather parameters have on brightness temperature measurements, namely the size, 

amount, and location of water particles, is significant. These parameters were not 

included within the climatology data set, nor climatologies produced with pre-2000 

numerical weather prediction models. Their parameters are however vital in properly 

modeling radiative transfer for microwave frequency radiation. Brightness temperature 

vs. rain rate curves developed within other studies for X-Band radiation curves could 

however be replicated within LEEDR, and therefore the associated path transmission and 

extinction values. These values can then serve as a lookup table between brightness 

temperatures and attenuation for 10 GHz radiation, which provide a useful metric for 

determining expected transmission efficiencies. 
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AN ANALYSIS OF X-BAND RADIATION FOR SPACE-BASED WIRELESS 

POWER TRANSMISSION 

 

I.  Introduction 

General Issue 

Millions of terawatts of sunlight pass through the region of space surrounding 

Earth in which satellites orbit daily. A fraction of this power would be enough to satisfy 

energy needs for military operations, if it could be harnessed and transported in a usable 

form. 

In the 1960s, Peter Glaser, detailed a novel approach to global energy: the Solar 

Power Satellite (SPS). The concept of the original SPS is a large platform positioned in 

space which continuously collects and converts solar energy into electricity. This power 

is then used to drive a power beaming system that sends the collected energy to receivers 

on Earth. This would offer implementations unaffected by nighttime, weather, and 

seasonal variation. Space solar power could enable global power distribution without a 

global grid infrastructure, overcoming critical limitations of ground-based solar power 

systems. For forward operating bases (FOBs), space solar power could reduce 

considerable logistical burdens and dangers associated with transporting fuel to its 

destination. 

A solar power satellite system needs to accomplish two functions: collection of 

energy and delivery of that energy to the point of need. The ensemble that performs these 

functions can be divided into two major segments: the space segment and the Earth 

segment [18]. 
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This thesis focuses on the power beaming method through the Earth segment and 

will cover the viability of using X-Band radiation for the wireless transmission of power 

through the atmosphere. This research seeks to develop long term attenuation statistics 

that will provide insight on the suitability of an X-Band (8-12 GHz) Solar Power Satellite 

for power beaming purposes. 

Problem Statement 

The Air Force Research Laboratory (AFRL) has come to AFIT with a design for a 10 

GHz SPS project. AFRL is interested in characterizing the initial design’s expected 

performance.  

To characterize the proposed design, one can start by looking at the biggest hurdle a 

power beaming system faces: the Earth’s atmosphere. As an electromagnetic signal 

propagates through the atmosphere, there is a reduction in intensity caused by the 

interaction between the signal and atmospheric gases. In general, scattering and 

absorption account for this attenuation.  

Uncondensed water vapor and oxygen can be strongly absorptive of radio signals. 

This is due to the existence of absorption lines in the elements composing atmospheric 

gases, or bands of frequencies where these gases naturally absorb photon energy. This 

occurs at the resonant frequencies of the molecules themselves. An example of the 

attenuation of water and oxygen, as a function of frequency, is shown in the figure below 

[26]. 
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By extension, atmospheric attenuation 

levels are also dependent on the weather, 

particularly rainfall rates, as shown in Table 1 [20]. Fortunately, the attenuation rates for 

X-Band radiation are on the order of 1e-2 dB/km. 

To properly model X-Band atmospheric attenuation, and thus develop long term 

attenuation statistics, a sophisticated modeling software is necessary that can both model 

the signal source and the medium it travels through. AFIT Center of Directed Energy 

(CDE) developed a directed energy weapon (DEW) simulation package, called the High 

Energy Laser End-to-End Operational Simulation (HELEEOS), which included a 

correlated, probabilistic climatological database to assess HEL system performance for 

realistic atmospheres. A separate model, called the Laser Environmental Effects 

Definition and Reference (LEEDR), was also developed that allows the export of the first 

principles atmospheric characterizations for other DEW simulation codes. 

Table 1 – LEEDR Generated Comparison of 

Atmospheric Effects on EM Attenuation [20] 

Figure 1. Atmospheric Attenuation vs. 

Frequency, X-Band Highlighted In Gray 

[13] 
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LEEDR is a first principles, worldwide, surface-to-100 km, atmospheric 

characterization and radiative transfer code with spectral range considerations between 

ultraviolet and radio frequency wavelengths (200 nm to 8.6 m). The two primary goals of 

LEEDR are (1) create correlated physically realizable vertical profiles of meteorological 

data and environmental effects, such as gaseous and particle extinction, optical 

turbulence, and cloud-free line-of-sight (CFLOS), and (2) to allow graphical access to 

and export of the probabilistic data from the Extreme and Percentile Environmental 

Reference Tables (ExPERT) database. Vertical profiles generally consist of temperature, 

water vapor content, pressure, optical turbulence, and extinction effects due to 

atmospheric particulates and hydrometers at various wavelengths. LEEDR contains 

detailed databases and characterization algorithms for worldwide climatological data, 

temporally and spatially varying boundary layer definitions, particulate and molecular 

data, and allows users to input observed surface conditions. Internally consistent line-by-

line and correlated-k distribution radiative transfer algorithms capable of assessing path 

transmittance, path radiance, and celestial contributions to an observed signal level in true 

three-dimensional geometry on a spherical earth with any relationship between the target 

and observer have been incorporated into LEEDR calculations. These capabilities make 

LEEDR an excellent choice for modeling a variety of weather scenarios an SPS would be 

likely to face, however it requires validation for RF frequencies, and this validation will 

be a key focus of this research. 

HELEEOS accounts for first principles of radiative transfer, therefore potential exists 

for HELEEOS to be an improvement over existing modeling methods. Despite this, 

future research will need to address any potential discrepancies that are brought up when 
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switching from a laser propagation to an RF propagation simulation. By using HELEEOS 

to model X-band antenna arrays and the power beam it produces, the capability to 

provide a full picture of the three-dimensional beam pattern can be generated in order to 

predict beam propagation in various real-time weather and atmospheric scenarios. 

Examining turbulence effects on the beam, refractive bending, multiple scattering, and 

attenuation correlation to experimentally measured strengths are all research areas that 

HELEEOS can interrogate. By providing first principle physical analysis, HELEEOS 

gives promise to providing information that can be used to evaluate the power beam. [1] 

Research Objectives 

The objectives of this research are to first determine the validity of LEEDR generated 

simulations for attenuation calculations. Then secondly, use LEEDR to develop long-

term attenuation statistics for X-Band radiation from space to ground, such that AFRL 

can ascertain a rough idea for the performance of their proposed SPS design. 

Additionally, this research will look into the practicality of adaptive optics for 

increased transmission efficiency. 

Assumptions/Limitations 

The proposed SPS transmitter is still under development, and subject to change. 

Therefore, the exact beam pattern will not be simulated, and instead a simplistic line 

shaped beam will be used for attenuation characterization within LEEDR. 

It is assumed for validation purposes that the Earth’s atmosphere from 1999-2020 

does not differ significantly. 
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II. Literature Review 

Chapter Overview 

The purpose of this chapter is to provide a background on electromagnetic wave 

propagation theory, radiative transfer theory, an understanding of LEEDR and 

HELEEOS, the way LEEDR will be validated, the effects of weather phenomenon on X-

Band radiation, and the applicability of adaptive optics. 

2.1 EM Wave Propagation Theory 

Power beaming through the atmosphere requires a solid understanding of the 

radiative transfer of energy, and the roles the medium plays in it. When sending energy 

through Earth’s atmosphere, the presence of various particles, cause a myriad of effects, 

including energy scattering, absorbing, refracting. 

Index of Refraction: 

In a vacuum, the speed of light is defined by the Equation 1: 

𝑐 ≡
1

√𝜀0𝜇0
           (1) 

Where 𝜀0 = 8.854 x 10^-12 F/m is the permittivity of free space and 𝜇0 = 1.257 x 10^-6 

N/A^2is the permeability of free space. 

For propagation in a medium, the expression for the wave propagation direction 

vector 𝑘⃗  becomes: 

|𝑘⃗ | + 𝑖|𝑘⃗ | = 𝜔√
𝜀𝜇

𝜀0𝜇0
√𝜀0𝜇0 =

𝜔𝑁

𝑐
                        (2) 
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Where 𝜔 is the angular frequency of the wave, N is the complex index of 

refraction defined by 𝑁 =
𝑐

𝑐′ where 𝑐′ is the approximate phase speed of the wave 

through the medium (assuming the medium is non-absorbing). N is a complex number 

and the real part of N defines the phase velocity whereas the imaginary part represents 

attenuation of the wave. The magnitude of N is generally greater than 1, which implies 

the wave slows down through the medium. It is important to remember that N is heavily 

dependent not only upon the medium, but also the frequency of the wave [20]. 

Scattering 

In addition to changes in the phase velocity and attenuation due to medium 

refraction, incoming radiation can also be scattered off the intended propagation path, as 

seen in Figure 2. As a result, scattering stands to reduce the total power beamed through 

medium from a transmitter, to a receiver. The likelihood of scattering however, is 

dependent upon the size and number of scatterers in the medium as well as the 

wavelength of the radiation. 

 

Figure 2. Single Scattering of Incident Wave by Particle [20] 
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Sensors can’t differentiate between absorbed or scattered energy; therefore an 

extinction coefficient will be defined as the sum of energy absorbed or scattered out of 

line-of-sight.  

𝛽𝑒 = 𝛽𝑠 + 𝛽𝑎                   (3) 

In order to characterize the extinction as absorption or scattering, the term single 

scatter albedo, 𝜔̃ is defined as 

𝜔̃ =
𝛽𝑠

𝛽𝑒
=

𝛽𝑠

𝛽𝑠+𝛽𝑎
                (4) 

𝜔̃ has a range of zero in purely absorbing medium, and one in purely scattering medium. 

 Because scattering of light depends on the wavelength of the incident radiation in 

relation to the size of the scatterer, it’s convenient to describe scattering behavior as a 

dimensionless size parameter, ꭓ.  

ꭓ ≡
2πr

λ
                             (5) 

Where r is the radius of the scattering particle. Figure 3 shows various types of scattering 

as defined according to their size parameter; note the X-Band regime has been shaded. 

For wavelengths on the centimeter scale, as with X-Band radiation, it is typical to only 

address Rayleigh and Mie scattering, ignoring geometric optics. Because this research 

focuses on wavelengths on the order of a centimeter, we see that scattering will become 

an issue once scatterer radii equal 10 𝜇𝑚 or greater. This corresponds to Rayleigh 

Scattering for cloud droplets, and drizzle. Raindrops act as Mie Scatterers.  
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Figure 3. Comparison of Size of Scatterer vs. Wavelength and the various scattering 

regimes. The shaded box represents the CMW regime. (Modified from Atmospheric 

Science, 2nd edition, Figure 4.11, pg. 123)  

 

 The difference between Rayleigh and Mie Scattering is shown in Figure 4, below. 

For Mie Scattering, photons are scattered primarily in the forward direction and the larger 

the particle, the greater forward scattering of energy. Note that the phase function (where 

the energy is likely to scatter with respect to incident angle) denotes a relatively isotropic 

distribution for Rayleigh Scattering whereas Mie Scattering is characterized by mostly 

forward scattering. 
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Figure 4. Comparison of Rayleigh and Mie Scattering. For Mie Scattering, larger 

particles create a more forward pointing scattering pattern [20] 

 

Scattering is important to model as it helps develop a 3-D picture of the radiation pattern 

as it propagates. Additionally, the various side lobes in an antenna array transmitter will 

cause complex patterns to develop when scattering takes effect. 

Multipath Propagation 

 The phenomenon of multipath propagation occurs when radiation scatters several 

times after the initial incidence with the scatterer. With multipath propagation, it is 

possible for a photon to scatter out of line of sight, and then back into line of sight. This 

is typically very computationally demanding.  

 Due to the nature of power beaming, the propagated radiation has a narrow 

beamwidth, unlike satellite or radio communication signals. As a result, multipath 

propagation, and its influences can be considered negligible. 
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Side Lobe Interference 

 Radiation source beam patterns typically consist of a main beam, and side lobes. 

An example can be seen in Figure 5. In some cases, side lobe radiation can travel along a 

path, get reflected, or refracted and then cause interference with the main beam, and thus 

reducing transmittance. However, for a SPS transmitting to a receiver on the ground, the 

side lobes are highly likely to travel off to infinity, as there is little in space to redirect 

their paths, and as a result are of no concern for power beaming purposes. 

 

Figure 5. Generic Antenna Beam Pattern 

Absorption  

 Signals propagating through a medium also must account for energy absorption, 

which further reduces transmitted power. This dynamic can be modeled by a restatement 

of Beer’s Law given in Equation 6 [9]. This law governs the attenuation of photons as 

they pass through absorbing or scattering medium. 

𝐹 = 𝐹𝑎𝑒
−𝛽𝑎𝑥                             (6) 
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Where 𝐹𝑎 is the incident flux of photons on a parcel of air and F is the flux that makes it 

through a portion of linear distance x. 𝛽𝑎 is the absorption coefficient (in units of inverse 

length) derived from the imaginary component of N by referencing Equation 2. 

𝜔

𝑐
𝐼𝑚{𝑁} =

𝜔𝑛𝑖

𝑐
=

2𝜋𝑣𝑛𝑖

𝑐
                        (7) 

Where 𝑛𝑖 is the magnitude of Im{N} and v is the frequency of the wave in Hertz. 

Therefore 𝛽𝑎 becomes: 

𝛽𝑎 =
4𝜋𝑣𝑛𝑖

𝑐
=

4𝜋𝑛𝑖

𝜆
                            (8) 

By referencing Equation 6, one can note that the distance 𝛽𝑎
−1 is the distance for 

the wave’s propagation to be attenuated by a factor of 
1

𝑒
 . Note that 𝑛𝑖 depends on the 

permittivity and permeability of the propagation of the medium which is influenced by 

several parameters such as the size and density of the absorbers. One can also note 

Equation 8 shows an inverse wavelength dependence on the absorption coefficient.  

𝛽𝑎 is dependent on numerous factors, so in order to calculate gaseous absorption, 

each atmospheric component has been categorized for its effect at specific wavelengths 

into tabulated databases, HITRAN being among the most notable. HITRAN lists various 

atmospheric atoms and molecules and the strength of their absorption coefficient in 1/cm. 

Radiative transfer models take these coefficients and discretize the atmosphere and sum 

the effects of each atmospheric layer and constituent to get a total path transmittance. 

This same methodology will apply to X-Band antenna array propagation; by determining 

the absorbing constituents, a radiative transfer model can determine the strength of the 

power beam after passing through a parcel of air. 
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Atmospheric Transmittance Calculations 

 To determine the change in intensity of an EM wave, one can look to the general 

form of Beer’s Law: 

𝐼𝜆 = 𝐼𝜆0exp [−∫ 𝛽𝑒(𝑠)𝑑𝑠]
𝑠2

𝑠1
                                (9) 

Equation 9 calculates the final intensity of the incident EM radiation after passing 

through a homogenous parcel of air with an extinction cross section 𝛽𝑒 where the path is 

defined by s1 and s2.  

 The value of the integral in Equation 9 is defined as the optical path (τ) which is 

analogous to optical depth/thickness when measured vertically. 

𝜏 ≡ ∫ 𝛽𝑒(𝑠)𝑑𝑠
𝑠2

𝑠1
                        (10) 

When taking the exponent of Equation 10, the transmittance is calculated over a 

path s: 

𝑡 ≡ 𝑒−𝜏                  (11) 

Transmittance is a number from zero to one where zero is an opaque atmosphere, 

and 1 is a transparent atmosphere. When discretizing the atmosphere into layers, the total 

transmittance is the product of each layer’s transmittance. The total optical depth is the 

sum of all optical depths [9]. 

Absorption in the X-Band Regime 

 In the X-Band regime (8-12 GHz), molecular absorption is mainly due to water 

and oxygen.  Figure 6 depicts their specific attenuations as a function of frequency. It can 

be noted that specific attenuation of their combined absorption levels is on the order of 

0.01 dB/km. 



14 

 

Figure 6. Water and Oxygen Specific Attenuation vs. Frequency [28] 

 

2.2 Radiative Transfer Models 

A radiative transfer model is any program that predicts the propagation of 

electromagnetic radiation in the atmosphere or free space. The Air Force Institute of 

Technology Center for Directed Energy (AFIT CDE) has developed extensive research 

and products to calculate the propagation of lasers in the atmosphere to support the 

ongoing DoD high energy laser research and development. To capture effects such as 

thermal blooming, optical turbulence, and extinction, programs like LEEDR build an 

atmosphere from climatology or numerical weather data. This allows for highly accurate 

determination of parameters that also will affect energy propagated in the RF frequencies. 
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The atmosphere that LEEDR creates can be ingested into HELEEOS which applies a 

laser propagation code through that atmosphere to determine irradiance and other laser 

measures of merit. 

This research builds off previous efforts in modeling radar pattern millimeter 

wave radiation, namely Lt. Richard Cook’s Thesis: Capturing Atmospheric Effects On 3-

D Millimeter Wave Radar Propagation Patterns. In Lt. Cook’s research, several other 

radiative transfer models were evaluated for use, including APM/AREPS, and IMOM. 

These models are unable to construct 3-D atmospheric models from real weather data. 

This capability is critical in studying the impacts of the atmosphere on X-Band power 

beaming and developing long term attenuation statistics. As a result, these models will 

not be used.  

LEEDR 

The AFIT CDE developed LEEDR to build realistic profiles of atmospheric 

effects which incorporate climatology or numerical weather prediction. The 

program runs in the MATLAB environment and allows the user to define a wavelength, 

atmosphere, and scenario geometry (slant angle and altitude). While initially 

created for high energy laser propagation for the Air Force's Airborne Laser System 

(ABL), it can provide profiles for temperature, pressure, water vapor content, 

optical turbulence, and atmospheric particulates and hydrometeors and relate 

them for EM propagation from the UV to RF. The user can either choose a standard 

atmosphere, aerosol profile, and weather conditions; or, LEEDR can import data 
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from a numerical weather prediction (NWP) model using the National Oceanic and 

Atmospheric Administration’s (NOAA) National Operational Model Archive and 

Distribution System (NOMADS) or climatology database (ExPERT) to provide actual 

weather conditions at a specific event time. 

The atmosphere built by LEEDR is a three-dimensional model 

and accounts for the change in propagation due to vertical and horizontal (if 

using NWP) gradients in the atmosphere.  

Once LEEDR has built the atmosphere, the path transmittance, path extinction 

(1/km), surface visibility (km), and slant path visibility (km) for the specific wavelength 

are calculated by using a line-by-line radiative transfer model. The ability 

to use a correlated-k method will also increase computation speed, if high spectral 

resolution is not necessary. Once LEEDR has calculated the atmosphere, it is able 

to generate a transmittance plot for the path of interest, as shown in Figure 7. This 

allows one to determine which portions of the spectrum are most opaque and which 

are transparent for the chosen atmospheric path and conditions [20 and 25].  
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Figure 7. Example of path transmittance calculated by LEEDR for WPAFB at 1200-1500 

Local Time During Summer for a 1 km path at 1000 meters altitude [20] 

 

 A thorough knowledge of the LEEDR generated atmosphere is necessary in order 

to understand the assumptions and methods that LEEDR applies to generate the 

wavelength dependent absorption and scattering of the atmosphere. For molecular 

absorption, LEEDR considers the constituents and concentrations listed in Table 2. 

The absorption parameters are calculated using the HITRAN database and using a 

Lorentz line shape for pressure broadening at wavelengths for less than 1 millimeter. 

For wavelengths over 1 millimeter, the van Vleck-Weisskopf line shape is used [24]. 
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Table 2. Molecular Absorbers Considered in LEEDR [20] 

 

For scattering, a number density must be assumed based off particle and droplet 

sizes. LEEDR uses a log-normal distribution to derive a normalized radius specific 

particle number density per unit volume as demonstrated in Equation 12. [24] 

𝑑𝑁(𝑟)

𝑑(log(𝑟))
=

𝑁

√2𝜋 log(𝜎)
exp (−(log(𝑟) −

log(𝑟𝑚))2

2(log(𝜎))
)                      (12) 

 Taking this range of radii, LEEDR integrates over each radius (discretely) to 

determine a wavelength dependent extinction, scattering, and absorption coefficients 

for each particle. Using the Wiscombe Improved Mie Scattering algorithm [27], a total 

attenuation is calculated depending upon particles and atmospheric composition. 

     

 (13) 
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 These line-by-line and Mie Scattering calculations allow a first principles 

treatment of radiative transfer in a realistic LEEDR generated atmosphere. For more in-

depth analysis and specific equations and assumptions that are included in the LEEDR 

transmittance calculations, the reader is directed to [24] and the LEEDR Equations and 

Principles Handbook published by the CDE [4]. Figure 8 gives examples of the end user's 

GUI for running a LEEDR simulation. 

 

 

(a) Location Selection for ExPERT or NOMADS Data 
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(b) Atmospheric Data Selection 

 

(c) Aerosol Data Selection 
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(d) Cloud and Rain Manual Selection 

 

(e) Laser Geometry Information 
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(f) Ground Level Information 

 

(g) Output Values 
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(h) Path Radiance Information 

 

(i) Path Radiance Plots 

Figure 8. LEEDR GUI Displays 
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HELEEOS 

HELEEOS builds on the functionality of LEEDR by creating a laser weapon 

target scenario and determines probability of kill (Pk) along with other laser metrics for a 

given scenario. HELEEOS uses a wavelength dependent atmosphere built by LEEDR. 

Additionally, HELEEOS enables the user to specify a laser power, shape, and target type 

to determine laser operational parameters such as peak irradiance, power in the bucket, 

spot size, and other interesting measures of merit for laser performance. These fast-

calculating values allow for on-the-fly operational assessments for effectiveness of laser 

propagation. HELEEOS has been well validated and useful in the UV to RF wavelengths. 

[25]. 

While traditional extinction makes it difficult to separate the absorption and 

scattering, HELEEOS treats the two phenomena separate and combines absorption and 

scattering to provide a total path extinction. Also, HELEEOS provides the scattering 

information which can, with further research, provide utility in determining off axis radar 

propagation that could either weaken the beam or allow a radar path more likely to be 

detected off the area of focus. 

2.3 Atmospheric Effects in the X-Band 

Weather Effects 

The standard dry atmosphere is approximately 78% N2, 21% O2, and 1% other, 

such as Ar, CO2, and other trace gases [28]. Not included in the dry atmosphere is water 

vapor (between .001% - 4%), which can greatly affect atmospheric attenuation due to 

H2O absorption lines. The strong dipole moment present in H2O creates strong 
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absorption features at 22, 183, and 323 GHz. While these absorption bands are outside 

the X-Band, they do cause an upward slope of specific attenuation, which begins to occur 

in the X-Band, as shown in Figure 6.   

Suspended Water Droplet Effects 

As water droplets grow to become clouds and fog, their scattering properties 

change (see Figure 3). Therefore, it is important to consider scattering due to fog and 

clouds, which are defined as droplets with radii less than 100 µm and typically on the 

order of 10 µm. This places cloud droplets mostly in the Rayleigh scattering regime. 

Densities of water in clouds are from 1 to 2.5 g/𝑚3; however, some instances of 4.0 g/𝑚3 

have been reported. For clouds of ice, density is typically less than 0.5 g/𝑚3 and often 

can be found at less than 0.1 g/𝑚3.  

Gunn and East [14] created a method to determine the attenuation for a specific 

wavelength due to cloud droplets in Equation 14 where 𝑘⃗  is defined in Section 2.1 and λ 

is wavelength in meters. 

                  (14) 

 Due to the sparsity of crystals and small size of ice particles in ice clouds, 

attenuation may be neglected for consideration of MMW propagation [20]. 
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Precipitation Effects 

Rain 

Rain droplets are on the same size as X-Band wavelengths which implies 

approaching Mie Scattering. To account for attenuation due to a specific rain rate, Crane 

and Blood developed the following Equation to determine attenuation, A, in dB. 

               (15) 

Where 

 

A = Total Path Attenuation due to Rain (dB) 

𝛼, 𝛽= Parameters Relating Attenuation to Frequency 

𝑅𝑝= Rain Rate in mm/hr 

𝜃 = Elevation Angle of Path (≥ 10𝑜) 

D= Horizontal Path Distance Through Rain Volume 

𝑢 =
l n(𝑏𝑒𝑐𝑑)

𝑑
 

b=2.3𝑅𝑝
−0.17 

c=0.026-0.03ln(𝑅𝑝) 

d=3.8-0.6ln(𝑅𝑝) 

𝛼 and 𝛽 values can be determined from the graph in Figure 14 
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Figure 9. 𝛂 𝐚𝐧𝐝 𝛃 Values from Equation 15 

If D < d: 

                  (16) 

If D = 0 and 𝜃 = 90𝑜 

                      (17) 

Where δH is the path height through the rain area. These Equations provide excellent 

fitting with measurements in the 1 GHz - 100 GHz range and allow for calculation of 

attenuation due to rain [22]. The effect of various rain rates are demonstrated in Figure 

10(a) and 10(b). Note that as rain rate increases, a nonlinear response to path attenuation 

arises and the shape of the attenuation versus wavelength curve changes slightly. These 

effects are vital to capture when propagating X-Band radiation. 
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Figure 10a. Specific differential attenuation for X, C, and S bands vs. rainfall rate [6] 

 

Figure 11b. Attenuation/rainfall rate versus rainfall rate for several wavelengths. The 

dashed lines show the Rayleigh approximation [14]. 
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Snow 

Many assumptions must be made when determining absorption from snow. This 

is because snow can assume a wide variety of shapes, sizes, types (i.e. wet or dry), and 

orientations. A proposed method from Nicholas Currie of determining attenuation 

due to snow is found in Equation 18 [17]. 

𝛼 =
0.00349𝑅1.6

𝜆4
+

0.00224𝑅

𝜆
                 (18) 

where R is the snowfall rate in millimeters of water per hour. 

From Equation 18, it’s clear that the snowfall rate would have to be unnaturally 

high to be of consequence for X-Band attenuation.  

Ice Precipitation 

Due to the small size and low density of ice particles, the effect on X-Band 

attenuation is negligible. 

2.4 Validating Models 

 To validate X-Band LEEDR simulations, its attenuation calculations due to 

weather will need validating. This methodology will involve using attenuation values to 

calculate path radiance. This path radiance value will be used in calculating brightness 

temperatures for comparison against measured events with known brightness 

temperatures.  

Radiance is the radiant flux emitted, reflected, transmitted or received by a given 

surface, per unit solid angle per unit projected area. This is a directional quantity, 

measured in W·sr−1·m−2. For an in-depth look at how LEEDR calculates path radiance, 

see the 2019 LEEDR Equations and Principles (LEAP) reference document [4]. 



30 

Brightness Temperature is the temperature of a black body in thermal equilibrium 

with its surroundings and is measured in degrees Kelvin. It can be calculated by the 

inverse Planck Function: 

𝑇𝐵(𝜆, 𝐿) =
𝑐2

𝜆 ln (
𝑐1

𝜆5𝐿
+ 1)

 

Where  

𝑐1 = 1.191042 𝑥 108 (W/ m−2 sr·𝜇m−4) 

𝑐2 = 1.4387752 𝑥 104 (𝐾 𝜇𝑚) 

L= blackbody radiance (W/ m−2 sr·𝜇m) 

 

 In atmospheric research in several frequency bands, including X, brightness 

temperatures can be used for estimating the amount of liquid water in the air between the 

ground and the measurement location. This is easy to do at microwave frequencies over 

the ocean because the brightness temperature calculations simplify by the Rayleigh-Jeans 

Approximation, shown in Equation 19. 

𝑇𝐵 ≈ 𝜀𝑇         (19) 

Where 𝜀 is emissivity, and T is temperature in degrees Kelvin. 

 If one knew the ocean surface temperature at the location of measurement, then 

calculating the brightness temperature at the surface would be trivial. From there, one 

could subtract that value from the measured brightness temperature at a certain altitude, 

and that difference would the amount of radiation emitters were along that path. In 

microwave frequencies, emitters are primarily water particles.  
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2.5 Array Theory 

 The Air Force Research Laboratory (AFRL) has a proposed design for an X-Band 

Space Solar Power (SSP) beaming setup, involving an over five million element array of 

antennas. Given computational limitations of available hardware for this research, it isn’t 

feasible to simulate the entire proposed system, and instead, a single tile, containing 1024 

elements would be simulated. 

 Using Array theory, the results of the single tile could then be used to analytically 

determine the performance of the entire system. 

2.6 Adaptive Optics 

 A simplistic explanation of Adaptive Optics (AO) for directed energy is using a 

deformable mirror to reflect a source of radiation through a lens, and then through a 

propagation medium to a target. The target acts as a beacon, sending a reflected wave 

back to the source, which has been distorted by the propagation medium, the atmosphere 

in most cases. These distortions are most commonly due to atmospheric turbulence. The 

distorted wave passes through the lens, hits a wave front sensor, which then relays the 

distortions in the wave to the Adaptive Optics computer. The computer then adjusts the 

deformable mirror to counter-distort the outgoing wave from the directed energy source 

so that when the next wave propagates through the atmosphere, the atmospheric 

distortion corrects the wave to the desired shape. A common AO setup for directed 

energy can be seen in Figure 11 [7].  
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Figure 12. Adaptive Optics Setup For A High Energy Laser. Where AO is Adaptive 

Optics, WFS is Wave Front Sensor, DM is Deformable Mirror, and HEL is High Energy 

Laser 

 

 For the purposes of X-Band power beaming, AO will not prove helpful. This is 

determined by looking an estimate for the Fried Coherence Length, 𝑟0.  

The Fried coherence length is the transverse distance over which a beam of light 

will remain coherent, i.e. maintain the same phase difference. It is a function of a specific 

path through the atmosphere. Coherent light here is generally considered to be light that 

is in phase within a root-mean-square difference of 1 radian. The Fried parameter for a 

plane wave is calculated by Equation 20 [7]. 
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                           (20) 

Where 

R = Total Path Length 

𝐶𝑛
2(𝑧) = Refractive Index Structure Coefficient 

 

𝐶𝑛
2 is used to describe atmospheric turbulence, and is governed by pressure and 

temperature differences, which create an index of refraction difference between two 

points. The Hufnagel-Valley model can be used to roughly characterize values of 𝐶𝑛
2 as a 

function of altitude, as shown in Figure 12. A 𝐶𝑛
2 value on the order of 10−17 𝑚−

2

3 

corresponds to weak turbulence while 10−13 𝑚−
2

3 corresponds to strong turbulence [7]. 

 

Figure 13. Hufnagel-Valley Model 
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The altitude dependent 𝐶𝑛
2(ℎ) can be calculated by Equation 21. 

 

       (21) 

Where: 

h = Altitude 

v = a high-altitude wind speed 

A = 𝐶𝑛
2 near the surface of earth 

  

 For X-Band power beaming purposes, one can do a rough calculation of 𝑟0 by 

putting Equation 21 into 20 and solving. The wavelength will be 3 cm, which correlates 

to 10 GHz, the path length R will be 500000 m, which correlates to a mid-range low-

earth orbit satellite altitude, v will be 125 knots, or 64.3 m/s, which is an average speed of 

high altitude prevailing winds, and A will be a pulled from Figure 12 to be 10−13.75 𝑚−
2

3.  

𝑟0 = ((
2.905

6.88
) (

2𝜋

0.03
)
2

∫ 5.94 × 10−53 (
64.3

27
)
2

𝑧10𝑒−
𝑧

1000 + 2.7 × 10−16𝑒−
𝑧

1500

500000

0

+ 10−13.75𝑒−
𝑧

100𝑑𝑧)
−
3
5
 = 27653.53 𝑚 = 27.65353 𝑘𝑚 

 The AFRL proposed system is a 34 by 38 m square antenna array, which has a 

diameter significantly smaller than 27.65353 km. Because of this significant size 

difference, it indicates that atmospheric phase changes will be the same at all points 

across the array, and therefore not need correcting by an AO system. One can also note 

that using the more correct spherical wave model for calculating the fried parameter 
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would yield and even larger value for 𝑟0, further emphasizing the lack of need for AO 

correction. 

III.  Methodology 

Chapter Overview 

The purpose of this chapter is to cover in detail the methodology in which 

LEEDR’s attenuation calculations for X-Band radiation are validated against measured 

data, and how LEEDR is modified to make use of NOAA 1999 climatological data for 

building simulations. 

Validating LEEDR 

 LEEDR will have its attenuation calculation methods validated via replicating 

known measured Brightness Temperatures collected during the 1999 Kwajalein Atoll 

Field Experiment (KWAJEX) [23]. When calculating brightness temperatures, the 

spectral radiance of the surface of interest must be known, labeled as blackbody radiance 

in the Inverse Planck Function, in section 2.4. To find the spectral radiance, attenuation 

must first be calculated. Therefore, if simulated brightness temperatures match well with 

KWAJEX’s measured values, LEEDR’s method of calculating attenuation is indirectly 

validated. 

 KWAJEX consisted of using a DC-8 aircraft flying at a specific altitude over the 

Pacific Ocean and using the Advanced Microwave Precipitation Radiometer (AMPR) to 

measure the brightness temperature of the ocean. The performance characteristics of the 

AMPR can be seen in Table 3. Although the AMPR operates on 3 different frequencies, 
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only the 10.7 GHz frequency will be discussed. The AMPR collected data on the dates 

and times listed in Table 4, generating data files structured as shown in Table 5. 

Table 3. AMPR Performance Characteristics [12] 

 
 

Table 4. KWAJEX AMPR Flights [12] 
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Table 5. AMPR Data Record Structure [12] 

 
 

 

Using NOAA 1999 climatology data [16], a LEEDR simulation atmosphere will 

be constructed to model, as closely as possible, the environment at AMPR’s times of data 

collection. Table 6 contains the measured climatological parameters available from 

NOAA. 
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Table 6. 1999 NOAA Climatological Data Record Structure 

 

 This model will include the location of AMPR data collection, time, altitude, 

path, frequency, etc. LEEDR will then calculate the path radiance of a 10.7 GHz source 

radiating in the same setup as the AMPR: a specific altitude, angled at nadir. This path 

radiance will then be used to calculate brightness temperatures using the inverse planck 

function shown in section 2.4. These calculated brightness temperatures will then be 

plotted against KWAJEX measured brightness temperatures. A step-by-step example of 

these procedures is shown in Appendix B. Results for this method are discussed in detail 

in Chapter Four. 
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Modifying LEEDR 

 Given X-Band radiation’s sensitivity to the water content of the air, it is critical to 

properly model the weather at the time of measurement during the KWAJEX experiment. 

Fortunately, LEEDR is capable of generating weather cubes from climatology data and 

predict weather events based on the information, including: rain rates, presence of 

specific cloud types, and their corresponding altitudes. Unfortunately, 1999 NOAA 

climatological data is stored in .nc file format. LEEDR was previously unable to utilize 

this format for the generation of Weather Cubes. As a result, several aspects of the source 

code were modified for this new capability.  

 The Weather Cube User Guide outlines the functions of the LEEDR source code 

[11]. In order to use .nc files for weather cube generation the following LEEDR functions 

had to be modified: createWeatherCube_300, createWeatherWrapper, getLLLoc, 

runHydra, wlForTest, and extractedGrb2Profile. Additionally, a new function had to be 

created to read the .nc data files at times and locations of interest for simulation, called 

new_nc_reader. 

 As shown in Table 6, each .nc file has a single parameter’s data for all latitudes 

and longitudes, all times, and all pressure levels if applicable. This arrangement results in 

large data files, and for the focus of this thesis, much of it is irrelevant. The 

new_nc_reader function reads a .nc file, determines what weather parameter the data file 

is associated with, finds the relevant data points collected at the latitude and longitude of 

interest, the time of interest, and all associated pressure levels.  

The 1999 data is low resolution however, only containing data at every half 

degree latitude and longitude, and only one data point is collected every six hours. To 
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remedy this, the new_nc_reader function also interpolates data to better approximate 

parameter values that would be between half degree locations. 

 The new_nc_reader function is called within the modified 

extractednetCDF2Profile function. This function calls new_nc_reader many times to read 

every parameter contained in .nc files needed for weather cube simulations. It then stores 

the parameter values into a profile and passes the profile onto the function 

createWeatherCube_300. 

 The remaining functions’ purposes can be viewed on the Weather Cube User 

Guide [11]. There were few notable changes, to the remaining functions, aside from 

runHydra. RunHydra is a near-top level function, in which the user inputs the times, 

locations, and wavelengths of interest for simulation. It then calls the 

createWeatherWrapper function to make the weather cubes. Previously the function 

worked with grib2 data files, with their date built into their file name, and used the file 

names as part of the weather cube iteration process. The function now prompts for user 

inputs on the date and times to simulate over.  

 All modified functions, along with much of this research can be found in 

L:\Research\Terzuoli\Military Students\Noah Friz for future use. 
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IV.  Analysis and Results 

Chapter Overview 

This chapter discusses weather cube formation issues with available climatology 

data, and results of LEEDR simulations of KWAJEX data collecting flights.  

Weather Cube Issues With Climatology Data 

LEEDR was used to simulate the results of several instances of the KWAJEX 

data collecting flights, however, as shown in Table 5, KWAJEX data does not include 

climatological data at the time of collection. Additionally, the NOAA climatological data 

used for LEEDR simulations only include rain rates. This is unfortunate, because LEEDR 

generated weather cubes proved unhelpful for the prediction of cloud or rain events 

during the times of interest. NOAA 1999 climatology data is too coarse to provide an 

accurate model. Six-hour increments between each data point, and half degrees of latitude 

and longitude between each measured location are not high enough resolution for the 

creation of useful weather cubes.  

Several attempts were made to develop weather cubes for different KWAJEX 

flight times using this climatology data, however each cube results with a prediction of 

no clouds, and no rain. This occurs even in cases for which measured brightness 

temperatures are uncharacteristically high for clear weather. For example, on August 11, 

a maximum brightness temperature of 282.96 K was recorded by AMPR. On a typical 

clear day, brightness temperature is normally between 110-140 K. Using the NOAA 

climatology data available around AMPR’s time of measurement, LEEDR constructed a 

weather cube. Weather cubes are comprised of several meshes, which are discussed in 
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detail in The Weather Cube User Guide [11]. The wx mesh, or weather event mesh is 

visually represented in Figure 13. This mesh indicates the location of weather events such 

as clouds or rain. In Figure 13, the turquoise color indicates a lack of weather events. 

 

Figure 14. Quantity of Cloud Or Rain Events 

 

Because LEEDR weather cubes are unable to develop useful predictions from 

such coarse data, simulation weather inputs were developed by a combination of user 

intuition, and well known cloud behaviors for some tests, and inferences derived from 

Meterological Aerodrome Reports (METAR) from the airport nearest the KWAJEX site 

of data collection: Amata Kabua International Airport.  

Intuition LEEDR Simulation Results 

KWAJEX data collection times were cross referenced with NOAA climatology 

data point time stamps, to provide six instances of overlap, meaning the AMPR was 

collecting data at the same time NOAA sensors were collecting climatological data. 

LEEDR simulations were then ran at these times of overlap to best capture the state of 

AMPR’s experienced weather with the available climatology data. 
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On August 3, 9, 11, 14, 25, and 29, two LEEDR simulations were created for each 

date: one without clouds or rain, and one with clouds and rain. The results can be seen in 

Figure 15. A step-by-step set of these procedures can be viewed in Appendix B 

 

Figure 15. Measured, Simulated Without Weather, And Simulated With Intuited Weather 

Path Radiances 

Based on the results, one can observe excellent agreement between the measured 

and simulations with clouds and rain to within a hundredth of a degree kelvin at best to 

1.5 K at worst. Additionally, one can note reasonable agreement between no-weather 

simulations and measured results on August 25 and 29. 

These results cannot confirm LEEDR’s accuracy for modeling X-Band 

propagation through different atmospheric scenarios, but only further highlight the need 

for better climatology data to remove the weather condition guesswork. The August 25 



44 

and 29 results, do however suggest LEEDR’s utility for modeling clear weather 

scenarios. 

METAR Inferred LEEDR Simulation Results 

 To supplement the weather event predictions normally made by LEEDR weather 

cubes, METAR data was pulled from the Amata Kabua International Airport collected 

within 1 hour of KWAJEX’s time of data collection [19]. It should be noted that the 

airport is roughly 224 miles away from the coordinates in which KWAJEX data was 

collected, and therefore not an exact representation of the weather experienced. 

Inferences were then made from the METAR data to develop weather scenarios for the 

same August dates tested in Figure 15.  

 From these reports, the only information used in developing the LEEDR 

simulation profile was: observed clouds and rain rates, overall weather (overcast, clear 

skies, etc), cloud ceilings, and heights at which cloud coverings were broken, scattered, 

or clear. NOAA climatology data was still used to for other parameters of LEEDR 

simulations. The nature of these reports is largely ambiguous, only giving a vague idea 

for the weather, still leaving a large amount of guess work. The results are shown in 

comparison to previous results, in Figure 16. It should be noted that the August 25 and 29 

tests had no weather inputs, and therefore match exactly to the No Weather and Intuited 

Weather tests. The raw data from which Figures 15 and 16 are developed can be viewed 

in Appendix C. 
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Figure 16. Measured, Simulated Without Weather, Simulated With Intuited Weather, and 

Simulated With METAR Inferred Weather Path Radiances 

High Brightness Temperature Simulations 

On August 11, 1999 at 2158, AMPR recorded its largest brightness temperature 

measurement, 282.96 K. This value correlates to a path radiance of 3.807 e-12 

W/(m^2*sr*um). The closest corresponding climatological data was collected two hours 

and two minutes later. A LEEDR simulation was made to replicate this maximum 

brightness temperature using procedures covered in appendix B. This resulted in a 

brightness temperature of 133.05 K. In an attempt to increase brightness temperatures 

further, nine simulations were ran with weather scenarios each more intense, and unlikely 

to occur than the last. The results of these simulations can be seen in Figure 17. 
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Figure 17. August 11, 1999 Maximum Brightness Temperature Simulation Attempts 

 

From these, the highest simulated value LEEDR could produce for any weather 

scenario was 3.1919 e-12 W/(m^2*sr*um), which correlates to a brightness temperature 

of 237.25 K. This leaves a difference of 45.71 K between the measured and simulated 

value, and makes apparent that adjusting these settings alone within LEEDR is not 

sufficient for modeling more complex weather scenarios. 

Another set of simulations to match the maximum measured brightness 

temperature was then ran. This time, an emphasis was placed on maximizing the water 

content of the clouds, and adjusting microphysical qualities in addition to the parameters 

covered in Appendix B. The microphysical parameters adjusted within LEEDR can be 

seen in Figure 18.  
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Figure 18. Microphysical Parameters in LEEDR 

 

The non-grayed-out terms correlate to the modified gamma distribution LEEDR 

uses to model clouds, shown in Equation 22. The cloud modeling methodology is 

discussed in more detail in [15].  

𝑑𝑁

𝑑𝑟
= 𝑁𝑎𝑟𝛼 exp [−

𝛼

𝛾
(

𝑟

𝑟𝑚𝑜𝑑
)
𝛾

] = 𝑁𝑎𝑟𝛼 exp[−𝐵𝑟𝛾]         (22) 

Where 

𝐵 =
𝛼

𝛾𝑟𝑚𝑜𝑑
𝛾  

N = the total number density in particles per 𝑐𝑚3 

a = the normalization constant ensuring the integral of the size distribution over all radii 

equals N 

𝛼 and 𝛾 describe the slope of the cloud particle slope 

𝑟𝑚𝑜𝑑 is the mode radius in micrometers 
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To maximize the water content, the parameter “a” for a maritime cumulus cloud 

was increased by a factor of roughly 15, its base altitude set to 500 m, and its thickness 

was set to 5500 m to simulate a towering cumulus cloud. Additionally, the relative 

humidity of the atmosphere was increased to the 99th percentile, and rain drop radii was 

set to a range of 50 – 2000 um. Rain was placed at 4000 m, and set to 75 mm/hr. With 

these settings, a brightness temperature of 267 K was achieved, still low by 16 K. 

The influences of the microphysical weather parameters are highly nuanced. For 

example, rain drops are known to be smaller in radius as altitude increases. LEEDR 

however, does not capture this relationship within its code. Instead, rain is modeled as a 

homogenous range of radii at every altitude. A background in meteorology is essential for 

incorporating these qualities into weather simulations for increased accuracy, if 

developing simulated atmospheres from data sets which don’t include these parameters, 

such as the 1999 NOAA set. Even when adjusting a number of these microphysical 

qualities, LEEDR is still unable to reach the desired maximum brightness temperature, 

instead approaching a value of 270 K.  

Power Beaming Applications 

Although the inability to match simulated temperatures to the maximum measured 

temperature seems problematic at first glance, LEEDR’s approximate 270 K asymptote 

due to water saturation actually aligns well with trend lines developed from other studies 

with radiometers on brightness temperatures for 10 GHz radiation, as shown in Figure 

19a and 19b [23] and [21]. With these figures, it becomes apparent that brightness 

Temperatures above 280 K are outliers from the trend line. Additionally, in all the 
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thousands of KWAJEX data points, only 21 instances of brightness temperatures above 

280 K occur, all of which were on August 11, further illustrating the outlier nature of this 

maximum value.  

 

 

 

 

 

 

 

 

(a)                                                                     (b)  

Figure 19. Rain rate vs. Brightness Temperatures for 10 GHz radiation. (a) is from [23], 

(b) is from [21] 

The curves shown in Figure 19 can be approximately recreated in LEEDR, as 

shown in Figure 20. This plot was generated by following procedures in Appendix D. 

Although this recreated plot was not generated from climatology data, each plot point has 

an associated total extinction value, and transmission value calculated from well known, 

and validated first principles, discussed in detail in [4]. The associated extinction and 

transmission values are shown in Figures 21 and 22 respectively. 

For a setup such as a 10 GHz power beaming satellite, one could attach a 10 GHz 

radiometer to its setup and measure the brightness temperature for the transmission path 



50 

of interest in real-time. One could then quickly relate the brightness temperature to the 

associated extinction and transmission values shown in Figure 21 and 22 to determine 

how well the beam would propagate.  

 

Figure 20. LEEDR Generated Rain rate vs. Brightness Temperatures for 10 GHz 

Radiation Along a 100 km Nadir Path. 

 

Figure 21. LEEDR Generated Path Extinction vs. Brightness Temperature for 10 GHz 

Radiation Along a 100 km Nadir Path 
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Figure 22. LEEDR Generated Path Transmission vs. Brightness Temperature for 10 GHz 

Radiation Along a 100 km Nadir Path 

 

This capability could be applied to any frequency within the X-Band with 

measured brightness temperatures to rain rate curves, which LEEDR could then replicate, 

and calculate the associated extinction value.  

 

V.  Conclusions and Recommendations 

Chapter Overview 

This chapter discusses the need for higher resolution data to more conclusively 

validate LEEDR for X-Band radiation propagation and discusses the potential ways to 

accomplish it. A way to attain approximate attenuation levels in real time for a power 

beaming satellite is also covered. 
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Conclusions of Research 

This study was unable to conclusively validate LEEDR’s ability to accurately 

model X-Band propagation through Earth’s atmosphere via replicating brightness 

temperatures observed during KWAJEX. The climatology data available during 1999 is 

too coarse to build a LEEDR atmosphere which accurately captures the state of the 

environment in which KWAJEX collected data or develop useful weather cubes to infer 

the presence of cloud or rain events.  

Despite an inability validate conclusively, LEEDR does demonstrate promise for 

modeling X-Band radiation. As shown in Figure 15, a user is able to consistently attain 

good agreement between measured and simulated brightness temperatures by modifying 

the simulated atmosphere for lower brightness temperature scenarios, which correlate to 

less intense weather patterns, such as light rain, partly cloudy, clear weather, etc. With 

higher resolution data, LEEDR could develop weather cubes, and infer the existence and 

location of cloud or rain events, which would help tremendously in capturing the 

atmosphere at a time of interest. 

Additionally, this study highlighted the level of nuance, and impact microphysical 

weather parameters have on microwave brightness temperatures, such as cloud droplet 

size distributions, rain drop radii, and the number of water particles in the air. In order to 

properly model the atmosphere during events such as thunderstorms, climatology data 

used in LEEDR simulation building would have to include these difficult to measure 

parameters, and more precisely cover cloud and rain events. Without these parameters, 

simulation building falls to user intuition and guesswork, for which a background in 

meteorology is needed to do well. 
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Although imperfect data impedes perfect atmospheric replication within LEEDR, 

the software utilizes well known and validated first principles when calculating path 

radiance, and therefore brightness temperatures. Using LEEDR, the rain rate vs. 

brightness temperature curves developed in two separate studies for 10 GHz radiation 

shown in Figure 19 was replicated. This replicated curve can be seen in Figure 20. In 

recreating this curve, LEEDR calculates path transmittance and path extinction values 

associated with each brightness temperature data point.  

By attaching a radiometer to the AFRL proposed SPS, one could easily measure 

the brightness temperature of the intended propagation path for the power beam, then 

using the data table generated by LEEDR for the curve shown in Figure 20, one could 

look up the associated transmittance and extinction values, and thus get a good 

approximation for how much power the beam can expect to transmit. This capability 

would give a real time approximation for transmission efficiency and be invaluable for 

tactical decision making for wirelessly powering global operations. 

Significance of Research 

Although this study failed to conclusively validate LEEDR’s ability to simulate 

the propagation of X-Band radiation through the atmosphere, it succeeded in showing its 

potential to do so. Should a future study build on this one, and prove conclusively 

LEEDR’s capabilities, the Air Force would have a powerful tool for modeling the 

attenuation of X-Band radiation anywhere in the world, for any weather scenario. This 

capability would be invaluable in analyzing the feasibility, and efficiency of future X-

Band power beaming technologies.  
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Recommendations for Action 

It is recommended a more recent study on X-Band atmospheric propagation, 

occurring on 2015 or later, be found and replicated within LEEDR. This would allow 

LEEDR to use higher resolution climatology data in developing weather cubes and more 

accurate atmospheres. Similar efforts could then be carried out as in this research to 

conclusively prove LEEDR’s validity in the X-Band. 

If no such study is available, finding higher resolution climatology data for 1999 

around Kwajalein-Atoll Island will be critical for conclusive validation via the KWAJEX 

study. A potential option may be found through the European Centre for Medium-Range 

Weather Forecasts (ECMWF) and their ERA5 data, which has climatology data points 

taken on a 0.25x0.25 degree grid all over Earth, taken every hour, as opposed to the 

0.5x0.5 degree grid, every six hours data sets which NOAA offers [10]. ERA5 data is 

available in NetCDF (.nc) format, meaning it could be used by the modified LEEDR code 

to develop weather cubes. However, as of now the ERA5 data in this format is 

experimental, and currently incompatible with LEEDR. This may change in the future, 

but there is another option. ERA5 data is also stored in GRIB file (.grb) form, a format 

LEEDR doesn’t currently take. It may be possible to modify LEEDR to accept .grb files, 

just as it was changed to accept .nc files. 

Recommendations for Future Research 

Should LEEDR be validated for the X-Band, and prove able to accurately model 

X-Band radiation through different weather scenarios, it is recommended HELEEOS be 

employed to model the AFRL antenna array’s beam pattern. From there, one could 
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simulate this beam’s propagation through many different locations and weather scenarios 

to attain long-term attenuation statistics. 
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Appendix A 

function [parameter_data] = 

new_nc_reader(filename,parameter,lat,lon,time) 

%.nc fole reader 

%files and extracts info for the time and place correlated to the 

latitude 

%range, longitude range, and time range (in hours from jan. 1, 

1800) 

  

%lat is the latitude coordinate of interest 

%lon is the longitude coordinate of interest 

  

%time is the time of interest 

%On september 15 at 2359, time is 1750543 hours 

  

%filename is the 'nameofthefile.nc' 

  

%parameter is the string form of the parameter you want to look 

at in the 

%.nc fil. for example, in the prate.sfc.gauss.1999.nc it is prate 

(or 

%precipitation rate) 

  

% To get information about the nc file 

%ncinfo(filename) 

% to display nc file 

%ncdisp(filename) 

% to read a vriable 'var' exisiting in nc file 

myvar = ncread(filename,parameter);  

  

if lon < 0 

   lon = lon + 360; 

end 

  

%read the nc file for latitude and longitude arrays. Transpose 

for 

%calculation later 

all_lats=ncread(filename,'lat')'; 

all_lons=ncread(filename,'lon')'; 

  

[latm, lonm] = meshgrid(all_lats, all_lons); % This creates an 

NxM grid representative of the pairings between the lat and lon 

vectors. 

[arclen, ~] = distance(lat, lon, latm, lonm); % first 2 inputs 

are single values, not vectors or matrices. 

  

% Find the closest row/col indices to the selected lat/lon 

[row, col] = find(min(min(arclen)) == arclen); 
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% Choose an area based on the current lat/lon. This ensures we 

% properly encapsulate the selected lat/lon. 

rows = unique(clip(row, 1, 'min'):clip(row, size(lonm, 1), 

'max'));   

cols = unique(clip(col, 1, 'min'):clip(col, size(lonm, 2), 

'max'));  

  

%choose a time closest to desired time 

all_time=ncread(filename,'time'); 

[minValue, closestIndex] = min(abs(time - all_time.')); 

time = all_time(closestIndex); 

  

  

%% this section trims the 3-d array to only have stuff we're 

interested in for precipitation rates 

%precipitation rate is a 3-D array of lon, lat, time 

  

if strcmp(parameter,'prate') 

precipitation=double(myvar(rows,cols,closestIndex)); 

parameter_data=precipitation; 

  

%% this section trims the 4-d array to only have stuff we're 

interested in for air temperature 

%air temperature is a 4-D array of lon, lat, level (pressure), 

time 

  

elseif strcmp(parameter,'air') 

airtemp=double(myvar(rows,cols,:,closestIndex)); 

parameter_data=airtemp; 

  

%% this section trims the 4-d array to only have stuff we're 

interested in for relative humidity 

%relative humidity is a 4-D array of lon, lat, level (pressure), 

time 

  

elseif strcmp(parameter,'rhum') 

  

rhum=double(myvar(rows,cols,:,closestIndex)); 

parameter_data=rhum; 

level=ncread(filename,'level'); 

  

  

%% this section trims the 3-d array to only have stuff we're 

interested in for precipitation rates 

%precipitation rate is a 3-D array of lon, lat, time 

  

elseif strcmp(parameter,'pres') 

  

pressure=double(myvar(rows,cols,closestIndex)); 

parameter_data=pressure; 
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%% this section trims the 4-d array to only have stuff we're 

interested in for height 

%height is a 4-D array of lon, lat, level (pressure), time 

  

elseif strcmp(parameter,'hgt') 

  

hgt=double(myvar(rows,cols,:,closestIndex)); 

parameter_data=hgt; 

  

%% this section trims the 4-d array to only have stuff we're 

interested in for u-winds 

%uwnd is a 4-D array of lon, lat, level (pressure), time 

  

elseif strcmp(parameter,'uwnd') 

  

uwnd=double(myvar(rows,cols,:,closestIndex)); 

parameter_data=uwnd; 

  

%% this section trims the 4-d array to only have stuff we're 

interested in for ground u-winds 

%ugwd is a 3-D array of lon, lat, level, time 

  

elseif strcmp(parameter,'ugwd') 

  

ugwd=double(myvar(rows,cols,closestIndex)); 

parameter_data=ugwd; 

  

%% this section trims the 4-d array to only have stuff we're 

interested in for v-winds 

%height is a 4-D array of lon, lat, level (pressure), time 

  

elseif strcmp(parameter,'vwnd') 

  

vwnd=double(myvar(rows,cols,:,closestIndex)); 

parameter_data=vwnd; 

  

%% this section trims the 4-d array to only have stuff we're 

interested in for ground v-winds 

%vgwd is a 3-D array of lon, lat, level, time 

  

elseif strcmp(parameter,'vgwd') 

  

vgwd=double(myvar(rows,cols,closestIndex)); 

parameter_data=vgwd; 

  

%% this section trims the 4-d array to only have stuff we're 

interested in for vertical velocity 

%veritcal velocity is a 4-D array of lon, lat, level (pressure), 

time 
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elseif strcmp(parameter,'omega') 

  

omega=double(myvar(rows,cols,:,closestIndex)); 

parameter_data=omega; 

  

else 

  

end 
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Appendix B 

Brightness Temperature Calculation Methodology: 

 

This document is a step by step method of an attempt to replicate the measured results of 

AMPR data file: kwajex_ampr_19990806_ghrc_ver2.txt 

 

 

This data was collected on august 6, 1999 from 0320 to 0512, 

At latitude: 7.99-9.36 degrees 

At longitude: 167.17-168.77 degrees 

At altitude: 1.1371e4 – 1.0055e3 meters 

 

 

To do this, the data from the .txt file is first loaded into a custom MATLAB script called 

data_file_trimmer.m. This script reads the entire data file, removes irrelevant data from 

the study for ease of navigation, and places the relevant data in an easily read cell array 

called T_Cell. 

 

The last column of this cell array contains the brightness temperature of the 10.7 GHz 

measurement suspected to be at nadir. The values contained here are what we’re 

attempting to match calculated values with. 

 

Next we move onto extracting real weather data from NOAA data tables, which will be 

used to set the  parameters for the LEEDR simulation. 

 

 

 

Extracting Data From NOAA Tables 

 

This is done using a custom MATLAB function titled test_reader, which reads the .nc 

files the NOAA data is stored in, and interpolates over the data points to provide weather 

parameter values that most closely approximate the value at the time and location of 

interest for the simulation. 

 

This function has 5 inputs: 

• .nc file name 

o This is string input which is the full name of the file to be read. 

• The data parameter of interest 

o This is a string input which must be the file’s name for the parameter of 

interest 

• The latitude of interest 

o This is a single numerical value which is the latitude of interest 

• The longitude of interest 
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o This is a single numerical value which is the longitude of interest 

• The time of interest 

o This is a single numerical value representing the time of interest. 

However, the time is measured in the number of hours since January 1, 

1800. This value can be calculated by this website: 

https://www.convertunits.com/dates/  

 

 

NOAA has the following parameters that can be used for use in building the LEEDR 

simulation: 

 
As of now, the parameters that will be used are: 

• Precipitation Rate at the surface 

• Relative Humidity 

• Air temperature at the surface 

• Surface pressure 

 

To get the precipitation rates at the time and place of interest: 

• Filename = 'prate.sfc.gauss.1999.nc' 

• Parameter = ‘prate’ 

https://www.convertunits.com/dates/
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• Latitude = 8.7 

o Because on August 6, AMPR collected data from 7.99 – 9.36 degrees, and 

halfway into that range is 8.675 

• Longitude range = [166.5;169] 

o Because on August 6, AMPR collected data from 167.17 – 168.77 

degrees, and halfway into that range is 167.97 

• Time range = [1749600;1749606] 

o Because on August 6, AMPR collected data from 0320 to 0512 

o NOAA timestamps their data with the number of hours that have passes 

since January 1, 1800.  

o Using this website’s calculator: 

https://www.convertunits.com/dates/from/Jan+1,+1800/to/Aug+6,+1999 it 

was determined that August 6, at 0000 was 1749600 hours from Jan. 1, 

1800.  

o Therefore AMPR collected data from 1749603 to 1749606, and halfway 

into that range is 1749604.5 

 

From there, put it all in the MATLAB command window as:  

test_reader('prate.sfc.gauss.1999.nc', 'prate', 8.675,167.97,1749604.5)  

This yields: -2.3283e-10, which will be rounded to 0 

 

 

To Get The Surface Pressure Value Of Interest: 

 

• Filename = 'pres.sfc.gauss.1999.nc' 

• Parameter = ‘pres’ 

• All other input parameters are the same 

 

From there, we put it all in the command window as:  

test_reader('pres.sfc.gauss.1999.nc', 'pres', 8.675,167.97,1749604.5) 

 

This yields: 101110 Pa. which converts to 1011.1 mb 

 

 

To get the Relative Humidity values of interest: 

• Filename = 'rhum.1999.nc' 

• Parameter = ‘rhum’ 

• The other inputs are the same 

 

From there, we put it all in the command window as:  

test_reader('rhum.1999.nc', 'rhum', 8.675,167.97,1749604.5) 

 

This yields: [82;85;86;71;40;24;7;0;0;0;43;68;14;4;1;1;0]  % Humidity 

 

 

https://www.convertunits.com/dates/from/Jan+1,+1800/to/Aug+6,+1999
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To Get The Air Temperature Value At 2m Of Interest: 

 

• Filename = 'air.2m.gauss.1999.nc' 

• Parameter = ‘air’ 

• The other inputs are the same 

 

From there, we put it all in the command window as:  

test_reader('air.2m.gauss.1999.nc', 'air',8.675,167.97,1749604.5) 

This yields: 301.28 K which is 82.634 F 

 

 

 

Determining the Presence Of Clouds And Rain: 

 

To determine the presence of potential clouds and rain, one utilizes LEEDR’s weather 

cube capabilities. This is done by running a modified runFullHydra.m code. This code 

has been modified to accept .nc data files, and reads the 1999 climatological data. 

 

To do this, open runFullHydra.m and type in the command window: 

 

runFullHydra('OutputFolder','1999 Climatological Data\1999_NetCDF','kwajalein','Friz') 

 

The command window will then prompt for: 

• How many profiles to make 

o Weather cubes are large, and computationally intensive. For this project, 

the area AMPR covered while collecting data is small enough to be 

encapsulated by a single profile 

o Enter 1 for this example 

• What year the data is in 

o Enter as 1999 for this example 

• What month the data is in 

o Enter as 08 for this example 

• What day the data is in 

o Enter as 06 for this example 

• What cycle the data is in (meaning 0000-0600, 0600-1200, 1200-1800, or 1800-

2400) 

o Enter in 0, 600, 1200, or 1800 

o For this example, AMPR collected data on Aug. 6 from 0320 to 0512, so 

the cycle is 0 

• What time is the data of interest 

o Enter in the number of hours since Jan, 1, 1800. 

o For this example, as calculated earlier, it is: 1749604.5 
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Once the data meshes are created, one can plot them using the mess_plotter.m script. 

 

One can review the Weather Cube User Guide to understand what each mesh is. 

 

Plotting the wx mesh: 

 

  
 

Knowing the wx mesh is a mesh of Boolean values, where a 1 indicates the presence of a 

weather event, this plot indicates there is not a single weather event in this profile based 

on the data provided. As a result, the LEEDR simulation below will have clear weather 

under the clouds and rain tab. 

 

Had a weather event been indicated, one would then consult the Weather_Algorithm pdf, 

and study other meshes to determine what kind of weather event each instance is. 

 

 

Starting the LEEDR Simulation: 

 

Fill in the inputs on the various tabs: 

 

Location:  

ExPERT’s Kwajalin Location was used at  

Latitude: 8.73 

Longitude: 167.73 

This is within AMPR’s measurement range, so we select that. 

 

Atmosphere: 

• Atmosphere 

o Summer, 
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o 0300-0600 time of day, in agreement with AMPR’s time of measurement 

o RH set to XX, in agreement with NOAA measurements. 

• Aerosols: 

o Ignore 

• Settings: 

o Use correlated-K 

o 1000 layers 

• Molecular: 

o Ignore 

• Wind: 

o Ocean 

• Turbulence 

o Ignore 

 

Aerosols: 

• Ignore whole tab 

 

Clouds and Rain 

• There was no rain, so no clouds either 

 

Laser/Geometry: 

• Layers 

o Path resolution: 1000 

• Wavelength 

o User Wavelength (m): 0.02801 (corresponds to 10.7 GHz, in agreement 

with AMPR) 

• Path Type: 

o Slant Path 

• Slant Path: 

o Platform Altitude (m): 0 

o Target Altitude (m): 13000 

▪ AMPR flew at an average altitude of 13000 ft. 

o Path Length (m): 13000 

• Ground Level 

o Pressure (mb): 1011.1 

o Air Temperature (degrees F): 82.634 

o Dew Point: ignore 

o Relative Humidity (%): Ignore 

o Sea temperature (degrees F): Ignore 

o MAMSL: Ignore 

o Wind Speed (m/s): Ignore 
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Once all the above is entered in, create the profile, to get: 

 

 

Now open the Path Radiance Section: 

Path Radiance 

• Inputs 

o Wavelength 

▪ Set wavelength range from 0.04-0.02  

▪ molecular points: 100 

▪ Aerosol points: 10 

▪ Use multi scatter 

▪ Use correlated K 

o Path 

▪ Altitude: 13000 

▪ Zenith: 180 

▪ Azimuth: 0 

▪ Resolution: 200 

o Surface 

▪ Check surface type box, set to Ocean_Water 

▪ User Emissivity: 0.4 

▪ User Albedo: 0.6 
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▪ Temperature: 300 

o Path Type 

▪ Slant Path 

o Target Params 

▪ Ignore 

o Date and Time (UTC) 

▪ August 6, hour 6, minute 0, second 0 

o User Sun/Moon Angles 

▪ Ignore 

Then press the calculate button 

• Path Radiance: 

o Select Total Thermal 

o Using the printable plot one can get the figure below: 

 

From here, use the inverse planck function to calculate brightness temperature. There is a 

calculator on this website for it: https://ncc.nesdis.noaa.gov/data/planck.html 

Convert LEEDR’s calculated values into units compatible with the calculator like so: 

• Path Radiance: multiply by 10^4 to convert from W*(cm^-2)*(str^-1)*(um^-1) to 

W*(m^-2)*(str^-1)*(um^-1) 

https://ncc.nesdis.noaa.gov/data/planck.html
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o So 1.6438e-16 becomes 1.6438e-12 

• Center Wavelength: multiply by 10^6 to convert from m to um.  

o So 0.028 m becomes 28000 um 

Which gives the following result in the figure below: 

 

The last measured nadir value on August 6, 1999 by AMPR was at 0522, with a 

brightness temperature of 135.42 K. From this, one can see that LEEDR calculations only 

differ from measured values by ~13 K. 

 

ADDITIONAL TESTING: 

By altering the clouds and rain settings in LEEDR, one can increase the brightness 

temperatures to more closely match AMPR measured values. Although the usage of these 

clouds is guesswork, results are below. 
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The entire profile is kept the same as above, aside from cloud and rain settings, which 

will be labeled in the results below: 

Note: Last recorded AMPR brightness temperature on Aug 6, was 135.42 K, which 

correlates to a spectral radiance of 1.82037e-16 W*(cm^-2)*(str^-1)*(um^-1) 

 

Trial 1: 

Change: Cumulus Maritime from 12000-14000 ft:  

Results: 

Path radiance at wavelength 0.028081 m: 1.6703e-16 

Trial 2: 

Change: Cumulus Maritime from 12000-14000 ft, moderate rain, 13000-0 ft 

Results: 

Path radiance at wavelength 0.028081 m: 2.5057e-16 

Trial 3: 

Change: Cumulus Maritime from 12000-14000 ft, light rain, 13000-0 ft 

Results: 

Path radiance at wavelength 0.028081 m: 2.0519e-16 

Trial 4: 

Change: Cumulus Maritime from 12000-14000 ft, very light rain, 13000-0 ft 

Results: 

Path radiance at wavelength 0.028081 m: 1.818e-16 

Trial 5: 

Change: Stratus Maritime from 12000-14000 ft, very light rain, 13000-0 ft 
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Results: 

Path radiance at wavelength 0.028081 m: 1.8094e-16 

Trial 6: 

Change: Stratus Maritime from 11000-15000 ft, very light rain, 13000-0 ft 

Results: 

Path radiance at wavelength 0.028081 m: 1.8294e-16 

Trial 7: 

Change: Stratus Maritime from 11500-14000 ft, very light rain, 13000-0 ft 

Results: 

Path radiance at wavelength 0.028081 m: 1.8194e-16 

Trial 8: 

Change: Stratus Maritime from 11100-14000 ft, very light rain, 13000-0 ft 

Results: 

Path radiance at wavelength 0.028081 m: 1.8273e-16 

Trial 9: 

Change: Stratus Maritime from 11300-14000 ft, very light rain, 13000-0 ft 

Results: 

Path radiance at wavelength 0.028081 m: 1.8234e-16 

Trial 10: 

Change: Stratus Maritime from 11400-14000 ft, very light rain, 13000-0 ft 

Results: 

Path radiance at wavelength 0.028081 m: 1.8213e-16 

This calculates to 135.48 which is only 0.06 K off from the measured value. 
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Appendix C 

 

Raw data used to create Figures 14 and 15 
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Appendix D 

Rain Rate Curve Development Process: 

This document outlines how the rain rate vs. brightness temperature curve presented in 

the paper: “Critical Assessment of Microphysical Assumptions within TRMM 

Radiometer Rain 

Profile Algorithm Using Satellite, Aircraft, and Surface Datasets from KWAJEX” was 

replicated within LEEDR. 

 

 

Starting the LEEDR Simulation: 

 

Fill in the inputs on the various tabs: 

 

Location:  

Select ExPERT’s Kwajalin Location: 

Latitude: 8.73 

Longitude: 167.73 

 

Atmosphere: 

• Atmosphere 

o Summer, 

o 15-18 time of day, to ensure the sun does not influence results 

o RH Bin: 99% 

• Aerosols: 

o Ignore 

• Settings: 

o Use correlated-K 

o Check boundary layer box. 

▪ Set box value to 4000 

o 1000 layers 

• Molecular: 

o Ignore 

• Wind: 

o Ocean 

• Turbulence 

o Ignore 

 

Aerosols: 

• Ignore whole tab 

 

Clouds and Rain 
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• Custom Weather from 500 – 6000 m 

o Type: Cumulus Maritime 

o Adjust “A” term with rain rate as shown in the associated rain rate vs. 

brightness temperature excel file. 

• Custom Weather from 0 – 4000 m 

o Type: Heavy Rain 

o Adjust “Max” to 2000 um. 

o Adjust “Rain” as shown in the associated excel file. 

• Cumulus Maritime from 6000 – 10000 m  

 

Laser/Geometry: 

• Layers 

o Path resolution: 1000 

• Wavelength 

o User Wavelength (m): 0.03 (corresponds to 10 GHz) 

• Path Type: 

o Slant Path 

• Slant Path: 

o Platform Altitude (m): 0 

o Target Altitude (m): 100000 m 

▪ Arbitrarily Chosen Satellite Altitude 

o Path Length (m): 100000 m 

• Ground Level 

o Pressure (mb): 1012 

o Air Temperature (degrees F): 83 

o Dew Point: 75 

o Relative Humidity (%): Ignore 

o Sea temperature (degrees F): Ignore 

o MAMSL: Ignore 

o Wind Speed (m/s): Ignore 

Once all the above is entered in, create the profile. 

Next open the Path Radiance Section 

Path Radiance 

• Inputs 

o Wavelength 

▪ Set wavelength range from 0.04-0.02  

▪ molecular points: 100 

▪ Aerosol points: 10 
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▪ Use multi scatter 

▪ Use correlated K 

o Path 

▪ Altitude: 100000 

▪ Zenith: 180 

▪ Azimuth: 0 

▪ Resolution: 200 

o Surface 

▪ Check surface type box, set to Ocean_Water 

▪ User Emissivity: 0.4 

▪ User Albedo: 0.6 

▪ Temperature: 300 

o Path Type 

▪ Slant Path 

o Target Params 

▪ Ignore 

o Date and Time (UTC) 

▪ August 11, hour 18, minute 0, second 0 

o User Sun/Moon Angles 

▪ Ignore 

Then press the calculate button 

• Path Radiance: 

o Select Total Thermal 

o Using the printable plot to determine the values 

The values generated and the cloud and rain parameters each result was set to can be 

found in the associated excel document: Rain Rate Curve Data, on sheet 4. 

The following plots were generated from the results: 
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The raw data is below. 
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