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Soil moisture content is a parameter critical to the accuracy of hydrological models. 

Small Uninhabited Aircraft Systems (sUAS) can bridge the gap between crewed aerial missions 

and in situ measurements, providing higher spatial resolution than can be achieved using a 

crewed aircraft while still covering a large area. They can also offer fine-resolution data for 

operational applications, including forecasting floods and precision agriculture. 

A compact, ultra-linear microwave FMCW radar is designed and integrated with an 

sUAS to make precise, repeatable soil moisture measurements over a wide area. A multirotor 

aircraft enables flights at relatively low speeds, providing a stable platform that minimizes 

motion-related errors. A direct digital synthesizer (DDS) driven ultrawideband (UWB) voltage-

controlled oscillator (VCO) in a phase-locked loop (PLL) enables the generation of a 

customizable chirp of up to 10 GHz bandwidth. The synthesizer generates a 2.5-6.5 GHz ultra-

linear chirp for soil moisture measurements. An ultrawideband antenna provides the desired 

beam pattern and meets the bandwidth requirements. 

Laboratory tests show a near-ideal impulse response and ultra-linear chirp, improving the 

performance of the radar and enabling faster data processing. A field program conducted at two 

sites near Tuscaloosa, Alabama includes measurements made over several targets of interest, 

including bare and vegetation-covered areas. An automated flight control unit enables the aircraft 

to fly parallel lines and measure the same ground track at multiple angles of incidence. 

Trihedral corner reflectors are fabricated and characterized in an anechoic chamber and 

placed in the field to provide targets for estimating backscatter-response for different areas. 

ABSTRACT 
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Collected field data are range-compressed, motion compensated, and focused using a synthetic 

aperture radar algorithm. Backscatter estimates are generated from the data and compared with in 

situ measurements. The effects of vegetation over a target are investigated, and a method of 

estimating and correcting vegetation effects is proposed. 

The design and implementation of a mission operation and navigation interface for 

crewed remote sensing missions are discussed. The future of remotely-piloted remote sensing 

operations is discussed, with a trade study analysis to help select a platform for a given scenario. 
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The world is facing new challenges because of climate change. Unpredictable weather 

patterns and long-lasting droughts have led to an increase in agricultural water usage in the 

western United States. Agriculture accounts for about 80% of the water usage in arid regions of 

the US. Unsustainable watering practices such as flood irrigation are causing the drainage and 

subsequent collapse of aquifers. These unsustainable agricultural practices and the changing 

climate are a recipe for catastrophe. A more sustainable approach is necessary for long-term 

survival. Farmers must shift from a system of broad water coverage to one that involves the 

targeted watering of an individual or small group of crops. Existing tools are insufficient to 

produce the data farmers need to make this shift. There is a need for a system to measure soil 

moisture with fine resolution quickly. In this dissertation, such a system is designed and 

implemented, and a field campaign is conducted to demonstrate the success of the system. 

1.1 Problem Description 

As the climate continues to change, society must adapt and leverage new technology to 

be more sustainable. Targeted watering techniques are a great solution to reduce our water 

consumption for agriculture. Precision watering methods require knowledge of the soil moisture 

to know where water is needed. Existing solutions are too coarse to provide the fine spatial 

resolution necessary to identify dry spots that need water. There is a need for soil moisture data 

with finer spatial resolution than satellite-based sensors can provide. A crewed aircraft could 

carry a similar sensor, but the associated operational costs are prohibitive for small farms. 

1 INTRODUCTION AND BACKGROUND 



2 

 

 

Figure 1. Operation Concept for the sUAS-based radar 

1.2 Motivation 

Hydrological models are widely used for estimating reservoir water levels, runoff, and 

streamflow. They can also help predict disasters and human impacts, such as flooding and 

groundwater contamination. Using hydrological models, we can manage water resources 

effectively. Hydrological models use measured and estimated influxes of water from various 

sources to predict the flow of water through different stages of the hydrosphere. Satellites and 

long-range aircraft can provide coarse resolution input data the models need. However, there is a 

need for fine-resolution input data to improve models to estimate short-term fluctuations in soil 

moisture. 

Table 1 lists the strengths and weaknesses of various soil moisture measurement 

techniques. In situ measurements are the most accurate, but they are infeasible for a large area. In 

situ measurements can provide temporal data if people are deployed to the same area multiple 
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times. Permanent radar installations give very high-frequency measurements. Such installations 

can provide a continuous history of soil moisture at a single location. 

Table 1. Comparison of measurement techniques. 

Measurement Method Accuracy Coverage 

Area 

Measurement 

Frequency 

Cost 

In situ Very high Very low High at a location Low 

Permanent Radar 

Installation 

High Very low Very High Medium 

UAS Radar High Medium Medium Medium 

Crewed Aircraft Radar Medium High Low High 

Satellite Radar Low Very High Medium Very High 

 

Mapping the soil moisture of an area requires the use of a moving platform. Crewed 

aircraft and spacecraft are commonly used for this purpose. Satellite systems cover vast areas, 

but satellite missions are extremely costly, and they offer a lower spatial resolution, particularly 

passive microwave sensors, than other platforms. Launched in 2009, ESA’s Soil Moisture Ocean 

Salinity (SMOS) satellite was the first satellite designed specifically for soil moisture monitoring 

and has a spatial resolution of 50 km [1, 2].  NASA’s Soil Moisture Active Passive (SMAP) 

mission, launched in 2015, has a swath width of 1000 km and a spatial resolution of 10-40 km, 

depending on the instrument [3]. SMOS and SMAP have already exceeded their planned life in 

orbit, and SMAP experienced a power supply failure in July 2015 that rendered the satellite radar 

nonoperational [4, 5]. SMAP’s remaining radiometer instrument can only provide a spatial 

resolution of 36 km.  An increase in spatial scale yields measurements with greater uncertainty 

[6]. Since satellite missions provide measurements with resolutions on the order of tens of 
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kilometers, they cannot capture fine-scale variations in soil moisture. Soil moisture varies on a 

small scale controlled by the surface topography and is not captured by satellite missions with 

passive sensors. Furthermore, satellites cannot make major changes to their trajectory once in 

orbit, so they are more limited in terms of operational flexibility.  

Researchers have used radars on crewed aircraft to measure soil moisture since the 1960s 

[7, 8, 9, 10]. These systems cover smaller areas than satellite missions but give much higher 

spatial resolution data. The approximate 3-dB footprint of the aircraft-based Passive and Active 

L-band System (PALS) ranged from 300 × 400 m to 1350 × 1800 m over four campaigns flown 

at altitudes ranging from 1 to 3 km [11]. 

The available measurement techniques cover extremes of data collection methods. 

However, there is a need for area coverage with finer resolution data than crewed aircraft can 

provide. Uninhabited Aerial Systems (UAS) can fill the void. UAS operate at low altitudes, so 

the area illuminated by the radar is considerably smaller than on a crewed aircraft operating at 

higher altitude. However, UAS can operate in swarm mode to obtain coverage over a large 

swath. 

The area illuminated on a flat plane by a radar system can be approximated by an ellipse. 

Given the radar's altitude above the ground ℎ, azimuth beam angle 𝛽𝑎, elevation beam angle 𝛽𝑒, 

and pointing angle from vertical 𝜃,  the illuminated area for the beam-limited case is given by 

 𝐴illuminated =
4𝜋ℎ2

cos2 𝜃
sin (

𝛽𝑎
2
) sin (

𝛽𝑒
2
) (1) 

Because the illuminated area varies with ℎ2, so too does the minimum resolvable 

distance. Figure 2 graphically shows the effect of increasing altitude.  
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Figure 2. Illuminated area vs. altitude AGL, assuming 𝛽𝑎 = 10, 𝛽𝑒 = 20
∘, and 𝜃 = 20∘. 

In this example, 𝛽𝑎 = 10, 𝛽𝑒 = 20
∘, 𝜃 = 20∘. For a UAS operating at 100 m AGL, the 

illuminated area is 13,627 m2. A crewed aircraft with the same radar antenna operating at 300 m 

AGL will illuminate an area of 122,646 m2. Using an aerial platform at a lower altitude gives a 

smaller footprint to capture fine-scale spatial variances in soil moisture. 

1.3 Statement of Purpose 

The purpose of the proposed work is to fill a technological gap in existing remote sensing 

systems by developing a new system to fulfill the need to estimate soil moisture over a moderate 

coverage area with repeatable, high-fidelity measurements, advancing the state-of-the-art and 

providing a tool to provide fine resolution data to support a wide range of scientific research and 

operational applications. The dissertation also illustrates how UWB radar data can be processed 

into sub-bands to obtain more precise backscatter estimates and can be used to separate 

scattering from vegetation and soil surface. 
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1.4 Limitations 

As with any research, this project is subject to many limitations. The first type of 

limitation is regulatory requirements. While these requirements may limit the hardware, they are 

operational constraints that must be satisfied. For airborne missions, this means adhering to the 

Federal Aviation Administration (FAA) regulations. The Federal Communication Commission 

(FCC) also regulates the use of radio frequencies in the United States. Operations are also subject 

to local laws and the will of property owners. 

In addition to regulatory limitations, there are also physical limitations. For instance, the 

maximum takeoff weight of a UAS set by the FAA constrains the range and endurance of the 

aircraft. An aircraft relies on a control system to maintain a commanded ground track, and any 

perturbance will cause some finite positioning. The sensor which reports the platform’s position 

is also subject to uncertainty. The tools used to provide ground truth measurements also have 

measurement uncertainty. Furthermore, small imprecisions in the fabrication of a component can 

affect its performance. 

Finally, some limitations are more practical. For example, it would be costly and 

infeasible to employ hundreds or even thousands of people to make ground truth measurements 

simultaneously along a ground track, so a few ground crews are employed to make the desired 

ground truth measurements over a few hours. 

1.5 Delimitations 

The scope of this project is constrained to 

1. Design, fabricate, and characterize an ultra-wideband FMCW radar with an ultra-

linear chirp, 
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2. Integrate the radar with an sUAS with a maximum takeoff weight (MTOW) of less 

than 55 lb, 

3. Collect radar data and in situ soil moisture measurements at field sites, and 

4. Use advanced processing techniques to estimate the backscatter, relate calibrated 

backscatter measurements to soil moisture, and use the relationship to estimate soil 

moisture over an area. 
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This chapter reviews the literature on soil moisture measurements and presents the 

findings. The review establishes the state of the art and provides a clear justification for the 

research conducted as a part of this dissertation. 

The major topics identified for the literature review are 1) soil moisture, its definition, 

and its role in hydrological models; 2) methods of remotely sensing soil moisture, and the 

impacts of changing variables; 3) the effects of vegetation on radar measurements, some 

empirical models, and attempts to compensate for vegetation effects; 4) heritage radar designs, 

types of radar, and the effectiveness of various methods of chirp synthesis; and 5) advanced 

signal processing of radar data, particularly Synthetic Aperture Radar (SAR). The following 

sections explore each of these topics in depth. The topics flow in a logical progression from the 

science need, through identifying and evaluating methodologies, to identifying gaps in existing 

research. 

2.1 Soil Moisture and Hydrological Models 

Soil water thresholds are important in agriculture. Soil water thresholds are specific 

values of soil water content that relate to water availability for plant consumption within the soil. 

Datta et al. describe the different thresholds that follow [12]. Saturation is the threshold at which 

the space between solid particles in the soil is filled with water. The volumetric water content at 

saturation is about 30% for sandy soils and 60% for clay soils. Field capacity is the threshold 

below which gravity is not strong enough to drain water from within the soil. Field capacity 

ranges from about 20% volumetric water content for sandy soils to about 40% for clay soils. 

2 BACKGROUND AND REVIEW OF THE LITERATURE 
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Finally, the permanent wilting point is the threshold below which plants cannot extract water at a 

rate sufficient to support the plant. The permanent wilting point is at a volumetric water content 

of about 7% in sandy soils to about 24% in clay soil. 

In-situ measurements at sites near The University of Alabama (UA) show significant 

spatial variance in volumetric soil moisture content. Memari [13] presents findings of one survey 

in which volumetric soil moisture measured at the UA arboretum vary by 0.15 cm3/cm3 over an 

area measuring approximately 150 m x 100 m. The same survey shows an average increase in 

volumetric water content of 0.18 cm3/cm3 on a rainy day. In-situ measurements conducted as part 

of this study show similar spatiotemporal variation. The spatial and temporal variability 

demonstrates a need for soil moisture measurements at a higher spatial and temporal resolution 

than can be provided with satellite-based systems.  

Bergström and Forsman [14] provide several examples of uses of hydrological models. 

The models are used to simulate streamflow to aid in design, forecast streamflow to aid in water 

resource management, and estimate streamflow statistics in unmeasured streams. Additionally, 

hydrological models are used to assess the impact of human activities on hydrological processes. 

The models are also used to estimate flood hazards and drought persistence by simulating soil 

moisture conditions. This final point is interesting because soil moisture can be measured 

directly with remote sensing radars.  

Soil moisture content is simply the quantity of water in the soil.  Two metrics for soil 

water content exist: gravimetric and volumetric.  The gravimetric water content is expressed in 

terms of mass, as 
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 𝜇 =
𝑚𝑤

𝑚𝑑𝑟𝑦
 (2) 

where 𝑚𝑤 is the mass of water contained within a sample; and 𝑚dry is the mass of the dry 

sample. Volumetric water content is defined as 

 𝜈 =
𝑉𝑤
𝑉𝑤𝑒𝑡

 (3) 

where 𝑉𝑤 is the volume of water contained within a sample, and 𝑉wet is the total volume of the 

sample. This can also be expressed as 

 𝜈 = 𝜇 𝜌𝑠 (4) 

where 𝜌𝑠 = 𝑚wet/𝑉wet is the bulk density of the sample. 

According to Cihlar and Ulaby [15], the gravimetric soil moisture content is more widely 

used for dielectric constant measurements and the volumetric water content is more widely used 

for radar applications. The water content of a soil sample can be determined experimentally with 

minimal equipment.  First, measure the mass of a known volume of soil. Then, dry the sample in 

a drying oven. Measure the mass of the same sample again; the difference is the mass of the 

water in the original sample. Given the known density of water and the initial mass and volume 

of the soil sample, the volumetric and gravimetric water content can be calculated. The 

calculation of volumetric water content depends on the density of the soil sample, so field tests 

require great care to ensure that soil samples are packed consistently to ensure the repeatability 

of measurements. For this reason, geoscientists prefer gravimetric water content. 

Soil moisture data can provide increased streamflow accuracy. Harpold et al. [16] show 

that incorporating soil moisture data with snowpack data improves streamflow forecasts, 

enabling the forecast to explain about 20-25% more of the variability over 1-2 month lead times. 
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In addition to soil moisture measurements, snow depth and snow water equivalence can 

be used to determine the quantity of runoff that will occur with the melting of seasonal 

snowpacks on the continent [17, 18]. Bathymetry (i.e., the depth of water in oceans, lakes, and 

rivers) can also be determined using radar [19]. While these applications are not the primary 

focus of this work, snow depth and bathymetry are potential future applications for the proposed 

system. 

2.2 Remote Sensing of Soil Moisture 

Active and passive methods of the remote sensing of soil moisture have been a topic of 

great interest for decades. Early studies in this field involved using visible and infrared imagers 

[20, 21]. These methods rely on differences in the reflectivity and/or emissivity of light at 

different frequencies depending on the moisture content. Humans subconsciously do this to 

visually determine whether the soil is dry or wet but more quantitatively. These methods have a 

few major disadvantages, however. Imagers are typically passive sensors, relying on external 

light sources. As a result, they are subject to different measurements depending on 

environmental factors such as time of day and weather conditions. Furthermore, it can be 

difficult to determine whether a difference in measurements is caused by moisture or 

composition.  

One recent study from 2018 has applied modern computing techniques to a synthesized 

dataset [22]. The authors simulated the appearance of crops based on a provided soil moisture 

map and trained a neural network to determine crop health based on the appearance of a second 

set of data. This scenario simulates what a camera on a UAS would capture and determines the 

feasibility of estimating crop health. Optically determining the health of crops has been done 

using various vegetative indices with multispectral cameras [23, 24], and there are numerous 



12 

 

commercial products available using multispectral cameras in this way. However, while 

vegetative indices computed from multispectral cameras can give useful information about crop 

health in general, they do not give information on the specific cause of crop stress. They are also 

subject to the disadvantages described above because they depend on passive illumination. The 

use of such systems also requires some knowledge of what constitutes nominal crop health. 

Since the vegetative indices are uncalibrated, they are better suited to giving crop health relative 

to other crops in the same image. Because of these limitations, numerous studies have 

investigated active remote sensing methods. 

Many studies document the correlation between soil moisture and soil electrical 

properties as early as the 1940s, when there was interest in the propagation of radio waves 

through the earth [25, 26]. The dielectric constant of water depends on the temperature and 

pressure of the water. Still, at ambient sea level conditions, it has a value of around 80, slightly 

varying depending on the excitation frequency up to about 7 GHz [27, 28, 29]. By comparison, 

the dielectric constant of dry soil is around 2-3, depending on the texture of the soil [30]. This 

large difference in electrical properties between dry soil and water results in a strong dependency 

of the dielectric constant of a general soil sample on the volumetric water content. Topp et al. 

derived an empirical relationship between the dielectric constant and soil moisture given in 

Equation (5) below [31]. 

 𝜖 = 3.03 + 9.3𝜈 + 146.0𝜈2 − 76.7𝜈3 (5) 

Topp inverts this equation to provide an estimate of the soil moisture given the dielectric 

constant, 
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 𝜈 = −5.3 × 10−2 + 2.92 × 10−2𝜖 − 5.5 × 10−4𝜖2 + 4.3 × 10−6𝜖3 (6) 

The intensity of the radar backscattering coefficient is related to the dielectric constant. 

The backscattering coefficient 𝜎0 is the ratio of the amount of averaged backscattered energy to 

the incident energy [32]. The backscattering coefficient is a function of the properties of the 

target, the angle of incidence, and the frequency of the radar transmitted wave.  

A survey of in situ measurements was conducted at The University of Alabama 

Arboretum using a Teros12 soil moisture sensor as part of this study. The sensor provides 

measurements of volumetric soil moisture and dielectric constant. A survey of 675 

measurements was conducted across two sites over seven days, with volumetric soil moisture 

measurements varying from about 10% to about 40%. Figure 3 shows the measured results 

compared to the empirical model derived by Topp et al. The empirical model has the same trend 

as the measured data, but it underpredicts the soil moisture content by an average of 2.9% over 

the range of the data. The underprediction is likely because the model was derived to be as 

general as possible and is not specifically applicable to the sites selected for this study. 
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Figure 3. Measured soil moisture vs. dielectric constant, compared with the empirical 

relationship derived by Topp et al. [31] 

In 1956, Grant and Yaplee showed that the backscatter received from relatively flat fields 

varies with frequency, incident angle, and the kind of terrain [33]. The study was conducted at 

incident angles from 0-80° using continuous-wave (CW) radar at three different frequencies: 

9.375 GHz, 24 GHz, and 34.88 GHz. It shows that the reflection from normal surface returns 

measured at multiple sites is specular. The study also finds that the return from a body of water 

varies with wind speed due to the difference in surface water conditions. While they do not 

explicitly state it, this also indicates that surface roughness is a factor in soil measurements. 

Interestingly, they also noted the effect of various vegetation types on the backscatter 

measurements, stating that mature, dry vegetation appears to be a nearly isotropic scatterer based 

on the relation between the return and the angle of incidence at a particular site. 

In 1966, Davis et al. studied the feasibility of using radar to detect surface and 

groundwater [34]. The study concluded that determining the depth of surface water or the 
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presence of groundwater using a monopulse radar is infeasible. Still, it did conclude that radar 

sensors have the potential to estimate soil moisture based on the measured backscatter from the 

soil.  

Surface roughness complicates soil moisture measurements. A rough surface will scatter 

more energy than a smooth surface at higher incident angles. Measurements made normal to the 

surface are primarily specular. Ulaby et al. documented a strong effect of surface roughness on 

radar backscatter measurements [35]. Roughness increases the scattering of incident waves and 

flattens the backscattering coefficient curve versus incident angle.  Figure 4 shows an example of 

the flattening due to roughness. At an RMS height of 4.1 cm, the scattering coefficient is nearly 

constant versus incident angles up to 30°. In contrast, smoother surfaces result in a 

backscattering coefficient that varies by as much as 45 dB for the 1.1 GHz case.  

 

Figure 4. Scattering Coefficient vs. Angle of Incidence from Ulaby et al. [36], showing the 

effects of surface roughness and incident angle for a) 1.1 GHz, b) 4.25 GHz, and c) 7.25 GHz 

frequencies. 
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Interestingly, the backscattering coefficient curves in Figure 4 for different surface 

roughness values intersect at an incident angle of around 10° for all the frequencies shown, 

suggesting that making observations at a 10° incident angle can minimize the surface roughness 

effects. 

Figure 5 from the same study shows that the backscattering coefficient is nearly 

independent of surface roughness for the frequencies shown. This suggests that measurements 

made at a 10° incident angle should minimize the effect of surface roughness on backscatter 

measurements. Figure 5 also shows that the surface roughness effects are less pronounced for a 

20° incident angle than for a 0° incident angle, particularly at higher frequencies. This suggests 

that if the beamwidth is large, measurements at a higher incident angle might be preferable to 

avoid the surface roughness effects near nadir, particularly with higher frequencies. 

 

 

Figure 5. Scattering Coefficient vs. surface roughness from Ulaby et al. [36], showing the effect 

of surface roughness on the backscattering coefficient measurements for a) 1.1 GHz, b) 4.25 

GHz, and c) 7.25 GHz 



17 

 

Figure 6 shows the frequency dependency of backscattering coefficients. At a 10° 

incident angle, the high moisture curves are very close to one another over the entire frequency 

range, differing by less than 5 dB, and the low moisture curves are also close above about 4 

GHz. At a 30° incident angle, the difference between smooth and rough surfaces is much greater 

across the frequency range for wet and dry soil. Also, at the higher incident angle, the 

backscatter increases sharply at lower frequencies, flattens around 5 GHz, and remains constant 

for higher frequencies. A similar effect is seen in the rough data, with an increasing signal up to 

about 2 GHz with a very flat profile at higher frequencies. This behavior results from the 

surface's scattering distribution at those frequencies. 

 



18 

 

 

Figure 6. Scattering vs. Frequency from Ulaby et al. [36], showing the dependency of scattering 

coefficient on frequency, soil moisture, and surface roughness at a) 10° and b) 30° angles of 

incidence. 

The advantages of radar over optical sensing methods are numerous. First, radars are 

relatively simple devices compared to imagers. While radar can use a single antenna and a single 

channel of a high-resolution ADC to obtain measurements at a high sampling frequency, imagers 

require a focal plane array (FPA) and much more advanced hardware to digitize the array of 

pixels within the FPA, typically at a much lower ADC resolution and at a lower temporal 

resolution. Imagers also require one or more lenses to focus the image onto the FPA. In contrast, 

a radar can rely on a directional antenna and signal processing to extract information about the 

scene. 
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Second, radar typically operates at lower frequencies than imagers. As a result, radar can 

penetrate volumetric obstructions such as vegetation, clouds, and snow due to the lower 

operating frequency. A later section examines the details of the effect of vegetation on radar 

measurements. 

Finally, radar is arguably a more flexible system than an imager. The ADC in a radar 

measures the amplitude of a correlated signal over time. The useful information comes from 

signal processing. Processing one set of data can generate multiple data products. One such 

example is the capability of processing different frequency sub-bands within a dataset. To collect 

data from multiple frequency bands using an imager, one would need either multiple FPAs with 

unique optical filters or a single FPA with a complex mechanism to change filters and take 

multiple images in quick succession. 

For the above reasons, a radar system is ideally suited to measuring soil moisture. 

2.3 Previous Examples of Radar-Based Soil Moisture Systems 

It is worth examining prior work conducted on remote sensing of soil moisture. Prior 

works can be categorized by the type of platform used to convey the radar: 1) surface vehicles, 2) 

satellites, 3) crewed aircraft, and 4) remotely-piloted aircraft. 

Many surface-based radars developed for measuring soil moisture were built specifically 

to test the concept. In 1973, details of a 4-8 GHz microwave active and passive spectrometer 

(MAPS) were published [37], and in 1974, it was mounted on the telescopic boom of a truck to 

demonstrate that soil moisture estimate could be obtained using a radar [38]. In recent years, 

NASA has used a combined L-band radar/radiometer (ComRAD) to make combined active and 

passive measurements to understand better the parameters affecting soil moisture measurements, 

including surface roughness and vegetation [39]. The ComRAD system was later upgraded to 
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house L, C, and X band radars at 1.6, 4.75, and 10 GHz, respectively. Measurements with boom 

truck-based radar systems involve parking the system in or adjacent to the field of interest and 

operating the radar while pivoting the boom around a fixed pivot point. Adjusting the antenna 

controls the incident angle. These systems typically use a parabolic antenna to give a very narrow 

beam. A narrow beam is advantageous when determining a relationship between backscatter and 

angle of incidence because of the reduced influence of signals away from the angles of interest. 

The area of coverage of these ground-based systems is limited because the platform is 

stationary. Measurements over tree-covered soil are nearly impossible with a ground-based 

system due to the limited extent of the boom. A ground-based system could feasibly be designed 

to address both points to an extent by allowing the vehicle to traverse along the ground and using 

a very long boom. However, the applications would still be constrained by complex terrain and 

inaccessible locations. 

At the other end of the operating height spectrum are satellites. One such satellite system 

is the Shuttle Imaging Radar-C/X-Synthetic Aperture Radar (SIR-C/X-SAR) [40]. Like the truck 

radar mentioned above, the SIR-C/X-SAR consists of X-band, C-band, and L-band radars. The 

bandwidth of the radars is between 10 and 20 MHz, with a range resolution of less than 13 m. 

The system has a swath width of 15-90 km, with a focused resolution of 30m x 30m on the 

surface. It can digitize 50 hours of data per channel, per mission. 

The SIR-C/X-SAR system was designed to be operated from the space shuttle. 

Interestingly, all communication between the radar system and the ground mission operations 

passed through the shuttle avionics. The total mass of the system is 5600 kg, or 12,300 lb. The 

antenna array was also vast, occupying nearly the entire cargo bay of the shuttle, with a structural 

mass of 3300 kg. The large size is needed to achieve a beamwidth of 0.14-1.0°, depending on the 
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frequency band. The detailed specifications of the SIR-C/X-SAR system are published in [40], 

and they provide a glimpse into the size and complexity of a space-borne radar system.  

Space-borne systems require large organizations and budgets to design, fabricate, test, 

launch, and operate. Another major consideration with satellites is the lack of serviceability. A 

system must be designed with sufficient redundancy to ensure it operates for the mission's 

duration even in the event of a failure because satellites are seldom, if ever, repairable in orbit 

due to the cost and risk of crewed space flight. As discussed previously, NASA’s Soil Moisture 

Active Passive (SMAP) mission is one example of a satellite that experienced a failure in orbit 

[41, 4, 5]. That type of failure is a significant risk that engineers must consider when designing 

spacecraft, leading to designs with multiple redundancies and extensive ground testing, all of 

which add to the cost. 

The harshness of space also limits the parts that can be used in a spacecraft design, 

particularly when it comes to electrical components. For example, metals such as tin, zinc, and 

cadmium in the vacuum of space form whiskers that can grow to short out electrical connections. 

Typically, the formation of tin whiskers is mitigated by adding elements to create different alloys 

or by using conformal coatings. Incidentally, devices compliant with the Restriction of 

Hazardous Substances (RoHS) directive are, by default, unsuitable for space because RoHS 

requires lead-free solder. Another consideration when designing a spacecraft is radiation. 

Without the protection of Earth’s atmosphere, radiation will quickly damage some electrical 

components such as microprocessors and FPGAs, requiring expensive radiation-tolerant parts. 

The benefit of spaceborne remote sensing missions is their ability to operate 

continuously, providing large amounts of data with potentially global coverage. However, the 
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high initial investment and operational costs are prohibitive for any but large governments to 

fund. 

The JPL/NASA Airborne SAR (AIRSAR) system is a multi-band radar system integrated 

with a DC-8 aircraft [42]. The AIRSAR system includes P-band, L-band, and C-band radars, 

configurable with 20, 40, or 80 MHz bandwidth and pulse length of 5 or 10 µs [43]. The 

specifications of the AIRSAR system are provided in Table 2. Note that the finest range 

resolution of 1.875 m when using the maximum bandwidth is already taller than some crops, 

such as soybeans and wheat, and it is too coarse to accurately use for even taller crops such as 

corn, as will be discussed in a later section. 

Table 2. Summary of AIRSAR flight hardware parameters [43]. The parameters within 

parentheses refer to a 40 MHz configuration. 

Parameter P-Band L-Band C-Band 

Chirp  

 Bandwidth 

 Frequencies 

 Duration 

 

20, 40, or 80 MHz 

0.45 GHz 

10 or 5 µs 

 

20, 40, or 80 MHz 

1.26 GHz 

10 or 5 µs 

 

20, 40, or 80 MHz 

5.31 GHz 

10 or 5 µs 

Peak Transmit Power 62 dBm 67 dBm 59 dBm 

Antenna gain 14 dBi 18 dBi 24 dBi 

Antenna 

 𝛽𝑒 

 𝛽𝑎 

 Swath width 

 Incidence angles 

 

55° 

24° 

 

 

66° 

10° 

10-17 km 

0-75° (typ. 20-60°) 

 

64° 

2.5° 

Resolution 

 Range 

 Azimuth 

 

7.5, 3.75, 1.875 m, depending on bandwidth 

1m (single look) 

PRF 17/25 or 34/25 × ground speed (272 or 544 Hz at 400 kts) 

Rx Dynamic Range > 40 dB 
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ADC 

 Recording 

 Bits per Sample 

 

10 MB/s per frequency 

8 

Aircraft 

 Range 

 Nominal Speed 

 Typical Altitude 

 

5000 mi 

420 kts 

8 km (26000 ft) 

 

Like spaceborne missions, airborne missions come at a considerable expense and 

significant risk. The predecessor to the AIRSAR system is one such example. The aircraft that 

carried the radar blew tires on the takeoff roll and caught fire. All 19 crew members escaped 

unharmed, but the equipment and the aircraft were destroyed.  

NASA’s Passive Active L- and S-band (PALS) system for ocean salinity and soil 

moisture measurements [44]. As its name suggests, PALS consists of two radars and two 

radiometers in both S-band and L-band. A summary of soil moisture field results from multiple 

field campaigns using PALS provides insight into the system's operation [45]. The soil moisture 

campaigns included five sites, with a total combined area of 1313 sq. km. Over the large 

surveyed area, in-situ measurements were made at 125 individual fields. Individual fields were 

sampled in two transects about 400 m apart, and unique measurements were spaced 100 to 200 m 

apart along the transects. At each sampling point, three soil moisture measurements were made 

using dielectric probes and/or soil core samples. Overall, in situ measurements were made at a 

total of 1033 individual sampling points over the 1313 sq. km survey area. Furthermore, the data 

from the PALS soil moisture campaigns were averaged into 800 m pixels, which is about the size 

of the average field surveyed in the study. While this may be adequate for macro-scale 

hydrological predictions, it is inadequate for fine-scale predictions such as those needed by 

farmers to apply targeted irrigation methods. 
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More recently, the Uninhabited Aerial Vehicle Synthetic Aperture Radar (UAVSAR) 

program aims to operate a polarimetric L-band SAR on a UAV [46]. The radar operates in the 

2.36 GHz frequency range, with a bandwidth of 80 MHz. This gives a range resolution of about 

1.875 m. Currently, the system is being tested on a Gulfstream G-III aircraft. The system has not 

yet been integrated with a UAV. 

While the UAVSAR system was not designed with soil moisture measurements in mind, 

it is relevant because it uses many technologies that enable precise geolocation of the 

measurements. The system is very sophisticated, with a custom precision autopilot integrated 

with the aircraft that has been shown to maintain the flight path within a 10 m (33 ft) tube [47]. 

The control precision is accomplished using differential GPS (DGPS) and an inertial navigation 

system (INS). The radar also electronically steers the beam with an accuracy of 1° to compensate 

for yaw variations between consecutive passes [46]. These features are state-of-the-art for 

crewed aircraft and even for large-scale remotely-piloted aircraft, and it is prohibitively 

expensive. A more affordable option is needed for the technology to be adopted for widespread 

use in the agricultural industry. 

The increased accessibility of UAS in recent years has spurred much research in the 

academic community. Kaundinya et al. developed a 2-18 GHz ultra-wideband (UWB) radar with 

plans to integrate it with a small remotely-piloted multirotor to measure soil moisture [48]. The 

system utilizes both horizontal and vertical polarizations. A voltage-controlled oscillator (VCO) 

in a phase-locked loop (PLL) with a baseband chirp from an arbitrary waveform generator 

(AWG) and an integer divider generates an 11-19 GHz chirp. It is then passed through a 2x 

multiplication stage and downconverted by a 20 GHz oscillator. While this is similar to the 
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approach taken in the present work, the use of an AWG and the inclusion of a frequency 

multiplication stage potentially introduce nonlinearities in the generated chirp. 

Due to the 16 GHz bandwidth of the system presented in [48], compromises were made 

with the antenna design. As the bandwidth of the transmitted signal increases, it is difficult to 

design an antenna that performs well across the entire frequency range. The antenna presented by 

Kaundinya et al. exhibits three large frequency notches throughout the 2-18 GHz frequency 

range, eliminating 3.6 GHz of the total frequency range. Furthermore, the 3 dB beamwidth of the 

antenna array is approximately 70° at 2 GHz, tapering down to about 25° at 6 GHz. The wide 

beamwidth at lower frequencies essentially makes the measurements agnostic to look angle, as is 

shown in the measured radar response [48]. The wide beamwidth also means that aside from 

very high angles of incidence, the return from positive incident angles also includes the return 

from negative incident angles at the same range, thus making it impossible to measure the 

backscatter for a single angle of incidence definitively. No publications have been found in 

which the system described in [48] made soil moisture measurements. 

Wu et al. [49] took a different approach. They used a small vector network analyzer 

(VNA), a custom antenna, a single board computer (SBC), and a smartphone to perform soil 

moisture measurements from a UAS. The benefit of this approach is that COTS components can 

be used, decreasing the development time. This approach eliminates the difficult task of 

designing a radar, as the manufacturer has already developed the COTS VNA. The limitation of 

this approach is the low pulse repetition frequency (PRF) with which measurements are made in 

the study (4-5 Hz). Based on the published field coordinates, the field is about 111 m in length, 

and 18 parallel lines were flown over the area for a total distance of 2.012 km. Based on the 

claimed 15 minutes to complete a field measurement, the aircraft flew at approximately 2.24 m/s, 
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not counting the time to transition between lines. A 4-5 Hz PRF would give measurements at 

approximately 0.5 m spacing at that velocity. Given the spatial variation in soil moisture and 

measurement uncertainty that exists in every radar system, it is a good practice to average 

multiple samples to eliminate some of the noise. Without in situ measurements to validate the 

results of Wu et al., it is difficult to tell whether the system accurately predicts soil moisture. 

Furthermore, the system was only tested over bare and lightly vegetated soil. Finally, the soil 

moisture content is calculated using the empirical expression derived by Topp et al. [31]. The 

Topp equation was derived from several datasets to provide a general model. While this can be 

useful for coarse approximations, the dependency of surface backscatter on field characteristics 

such as surface roughness and soil composition necessitates calibrating radar measurements 

against in situ measurements under different soil moisture conditions to characterize the field. 

2.4 Effects of Vegetation on Radar Measurements 

Water contained within vegetation affects an incident wave in two ways. Some of the 

energy is scattered, and some of the energy is absorbed. The remainder of the energy penetrates 

the vegetation and continues until the next interaction. The backscatter is the portion of the 

scattered energy that returns to the receiving antenna. The absorption and scattering of energy as 

it encounters vegetation is most commonly modeled as a water cloud [50]. In the water cloud 

model, we consider the target of interest below a volume of water particles uniformly distributed 

throughout the volume. The volume will attenuate the incident wave by both scattering and 

absorption. An extinction coefficient 𝐾𝑒 is defined as the sum of the absorption and scattering 

effects. 
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 𝐾𝑒 = 𝐾𝑎 + 𝐾𝑠 (7) 

The scattering and absorption coefficients depend on the exact medium of the volume. 

The ratio of scattering to the total attenuation is called the albedo, 𝑎 = 𝐾𝑠/𝐾𝑒. The power 

measured from a surface beneath the volume, 𝑃𝑡, is related to the incident power, 𝑃𝑖, by 

 𝑃𝑠 = 𝑃𝑖𝛾
2 (8) 

where 𝛾2 is the two-way attenuation and is given by 

 𝛾2 = 𝑒−2𝐾𝑒𝛿𝑧 sec𝜃 (9) 

 Here, 𝛿𝑧 is the thickness of the volume layer, and 𝜃 is the incident angle. Note that in the 

standard water cloud model, the extinction coefficient is constant for the volume. This 

assumption may be valid for some crops, but it is not generally valid for vegetation that is denser 

in the canopy than below, such as trees. The variation within the vegetation also becomes more 

significant as the height of the vegetation increases. 

Many prior works have investigated the use of the water cloud model to compensate for 

vegetation. Bindlish and Barros [51] successfully improved the correlation of satellite SAR data 

with ground-based measurements from 0.84 to 0.95. They note in the paper that further 

investigation is required for forests, densely vegetated areas, and environments with varied 

vegetation because the study area includes relatively low-density vegetation. The study also 

shows that applying a single model to multiple vegetation types is significantly less effective 

than tailoring the model to each vegetation type where applicable. 

Oh [52] demonstrated using a genetic algorithm to determine parameters for a simplified 

vegetation model based on the same water cloud model. This approach has a couple of 

disadvantages. First, genetic algorithms are probabilistic, not deterministic. Genetic algorithms 
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use random mutations to arrive at a solution, meaning that each time a dataset is processed could 

yield different results. Chromosomes are binary-encoded, and mutations can occur at any bit 

within each chromosome. The chromosomes typically contain as few bits as possible to keep the 

computational cost low, leading to quantization error if too few bits are used. The second 

disadvantage of this approach is that the model requires the vegetation water mass and surface 

roughness to be known at several points to estimate the remaining two coefficients in the model 

that describe the vegetation characteristics. Ultimately, the algorithm estimated soil moisture 

with an RMS error of 0.0266 cm3/cm3, which is a percent error of about 10%. 

An approach to compensating for vegetation is presented later in this dissertation. The 

approach taken in this work involves discretizing the vegetation into discrete layers and solving 

for the extinction coefficient profile through all layers. An ultra-wideband radar provides a finer 

range resolution than a radar with narrower bandwidth, thus enabling a finer discretization. 

2.5 Frequency Diversity 

One field closely related to radar remote sensing is ultrasonic imaging, often used by the 

medical field to image a patient’s internals non-invasively. An extensive body of literature 

investigates using frequency compounding to reduce speckle in medical ultrasound images. One 

method of frequency compounding is performed during post-processing by dividing the received 

signal into sub-bands and making separate images. Summing or averaging the sub-band images 

reduces speckle by reducing the incoherent noise relative to the coherent signals. This type of 

frequency compounding is also known as frequency diversity [53, 54, 55]. Gehlbach and 

Sommer [55] showed 12-24 dB on-object SNR improvement using frequency diversity, with 

more sub-bands yielding higher SNR gains at the expense of reduced spatial resolution due to the 

narrower bandwidth of each sub-band. In this dissertation, the ultra-wide bandwidth radar data 
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will be sub-banded to demonstrate the resulting soil moisture to backscatter regression 

improvements.  

2.6 Summary 

The literature shows that agriculture needs a system to measure soil moisture with fine 

spatial and temporal resolution. Existing satellite-based sensors are too coarse, infrequent, and 

expensive for this application. Sensors aboard crewed aircraft can provide finer resolution data 

than satellite-based sensors, but they are generally too coarse and too expensive for widespread 

adoption of the technology. An sUAS-based synthetic aperture can provide the resolution and 

measurement frequency needed at a much more affordable price. An ultra-wide bandwidth 

provides finer range resolution and allows finer discretization of volume scattering layers for 

vegetation estimation and compensation. The ultra-wideband radar data can also be sub-banded, 

and multiple sub-bands can be averaged to reduce speckle with less averaging. 
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A UAS-integrated radar system is designed and fabricated for this project. This chapter 

details the system requirements and the solution that meets the requirements. The radar design is 

discussed in detail, including the design of each subassembly that comprises the radar subsystem. 

The performance of each subassembly is quantified and discussed, as is the assembled radar 

performance. 

3.1 Design Requirements 

The design requirements that dictate the specification of this system originate from 

several sources. The physical science behind soil moisture measurements is the primary driver 

for radar design. The concept of operation (CONOPS) also affects design decisions to a large 

extent. Regulatory bodies such as the Federal Aviation Administration (FAA), Federal 

Communications Commission (FCC), and local law enforcement define constraints that affect 

system design and mission operations. The FAA allows aircraft up to a maximum takeoff weight 

(MTOW) of 55 lb without requiring a waiver under CFR Part 107. To keep the system as 

accessible as possible, the MTOW will be less than 55 lb. 

The system must be able to measure wet and dry soils over a range of incident angles. 

The maximum received power will occur at an incident angle of 0∘ over smooth water at the 

lowest operational altitude, and the minimum received power will occur at a high incident angle 

over dry, smooth soil at the highest operational altitude. Section 3.5.1 presents a detailed link 

budget. 

3 UWB RADAR DESIGN, CHARACTERIZATION, AND INTEGRATION 
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The concept application requires fine spatial resolution. The RMS error of recovered soil 

moisture estimates must be accurate to within 10% volumetric water content when using spatial 

averaging of no more than 10 m. 

The processing algorithm will use SAR processing to focus the data. Motion 

compensation and along-track resampling will correct flight path errors and nonuniform platform 

velocity. 

3.2 Principles of FMCW Radar 

When a source transmits a signal in the form of electromagnetic waves at a time 𝑡0, it 

travels through air at the speed of light, 𝑐 (3×108 m/s). The transmitted radar energy reflects 

from objects in the environment. The portion of the reflected energy that returns to the radar is 

measured. The reflected signal returns to the source at a time 𝑡0 + Δ𝑡. The time delay is given by 

 Δ𝑡 =
2𝑅

𝑐
 (10) 

where 𝑅 is the distance from the source to the target. 

Directly measuring a time delay for UWB radars requires very fast digitizers that require 

a lot of power. UWB radars using frequency modulation generate a beat frequency that can be 

sampled at a much lower rate. Instead of a continuous wave of a single frequency, Frequency 

Modulated Continuous Wave (FMCW) radars transmit a chirp, wherein the frequency varies 

from the center frequency 𝑓𝑐. In the case of a linear sawtooth chirp, the frequency varies linearly 

such that 

 𝑓(𝑡) = 𝑓0 + 𝐵
𝑡

𝑡𝑐
    for    0 ≤ 𝑡 ≤ 𝑡𝑐 (11) 

where 𝐵 is the bandwidth, and 𝑡𝑐 is the chirp duration. The chirp rate for such a chirp is then 
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d𝑓

d𝑡
=
𝐵

𝑡𝑐
 (12) 

 

Figure 7. Illustration of a frequency-modulated chirp and related quantities. 

Consider a radar measuring the distance to a point target. The radar transmits a linear 

sawtooth chirp beginning at a time 𝑡0, and the receiver begins receiving the reradiated signal at a 

time 𝑡0 + Δ𝑡. In the ideal case, the received signal will simply be the transmitted signal with a 

phase shift. Figure 7 illustrates this scenario. Subtracting the received signal from the transmitted 

signal gives a sinusoidal signal with a single beat frequency, 𝑓𝑏, also called an intermediate 

frequency (IF). The propagation delay is thus 

 Δ𝑡 =
𝑓𝑏
𝑑𝑓
𝑑𝑡

 (13) 

Substitution into (10) yields an expression for the range in terms of the measured beat 

frequency, propagation speed, and the known chirp rate, 
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 𝑅 =
𝑐 𝑓𝑏

2
d𝑓
d𝑡

 (14) 

In practice, multiple targets fall within the radar beam at varying distances, giving an 

intermediate frequency spectrum rather than a single beat frequency.  The Fourier transform 

gives the return amplitude for the entire Intermediate Frequency (IF) spectrum, where the 

amplitude at a given frequency is the radar return at the corresponding range. 

 

Figure 8. The schematic symbol for a mixer. 

A mixer is a critical component of an FMCW radar, and it dechirps the received signal to 

generate beat frequency signals. On schematics, it appears as shown in Figure 8. An ideal mixer 

changes the frequency of a Radio Frequency (RF) signal while maintaining other characteristics 

such as phase and amplitude. A mixer multiplies the time-domain RF and Local Oscillator (LO) 

signals. Consider two sinusoidal signals of the form 

 

𝑣𝑅𝐹 = 𝐴𝑅𝐹 cos(𝜔𝑅𝐹𝑡 + 𝜙(𝑡)) 

𝑣𝐿𝑂 = 𝐴𝐿𝑂 cos(𝜔𝐿𝑂𝑡) 

(15) 

where 𝜙(𝑡) is a time-dependent phase shift, and 𝜔 terms are the frequency of the signals 

in radians per second. Multiplying the two signals gives a signal with the form 

 𝑣𝐼𝐹 =
𝐴𝑅𝐹𝐴𝐿𝑂
2

(cos((𝜔𝐿𝑂 + 𝜔𝑅𝐹)𝑡 + 𝜙(𝑡)) + cos((𝜔𝐿𝑂 − 𝜔𝑅𝐹)𝑡 + 𝜙(𝑡))) (16) 

The multiplication results in an IF spectrum with two frequencies, 
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 𝑓𝐼𝐹 = 𝑓𝑅𝐹 ± 𝑓𝐿𝑂 (17) 

For further conceptual understanding, a simple example is demonstrated using 

MATLAB, with an RF signal 𝑣𝑅𝐹 = cos(4𝜋𝑡) and an LO signal 𝑣𝐿𝑂 = cos(3𝜋𝑡). These 

correspond to 2 Hz and 1.5 Hz frequencies, respectively. The output is then calculated by 

multiplying the RF and LO signals, giving 𝑣𝐼𝐹 = cos(4𝜋𝑡) cos(3𝜋𝑡) = 1/2(cos(𝜋𝑡) +

cos(7𝜋𝑡)). Figure 9 shows the FFT of all three time-domain signals. The resulting output 

contains both the sum and difference of the inputs. 

 

Figure 9. FFT of RF, LO, and IF signals in the mixer demonstration. 

Mixers can down- and up-convert RF signals, shifting them to different frequencies. In 

chirp synthesis, if a chirp is mixed with a reference clock, the chirp is shifted to a different center 

frequency, but it maintains the bandwidth of the original chirp. The return is mixed with the 

transmitted signal in the radar receiver to give the difference mentioned above. A low pass filter 

removes the undesirable sum of frequencies that accompanies the difference and any feedthrough 

from the LO and RF signals. 
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3.3 Design Overview 

The radar is an FMCW radar, in which a beat frequency signal proportional to range is 

obtained by mixing the received RF signal with the transmitted signal. A custom chirp synthesis 

module generates a linear chirp, and a power divider splits the chirp to the transmitter and 

receiver. The mixer down-converts the received signal with the transmitted chirp as the local 

oscillator, resulting in intermediate frequency (IF) output. An ADC digitizes the IF signal. Figure 

10 shows a high-level block diagram of the system. The following sections provide details about 

chirp synthesis, radar design, and digital acquisition. 

 

Figure 10. High-level block diagram of the radar system. 

3.4 Chirp Synthesis 

The success of this system hinges on the ability to synthesize an ultra-linear and ultra-

wideband chirp. While COTS digital chirp generators are available to generate a UWB chirp, 

they are cost prohibitive. Additionally, the high-power requirement and heavy weight make them 

unsuitable for sUAS applications if the FAA requirements are to be satisfied. However, the latest 

development in high-speed digital chips and ultra-wideband voltage-controlled oscillators can be 
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used to develop compact and lightweight chirp generators. That is the approach adopted here. 

This section details the design and characterization of the chirp synthesis subassembly. 

3.4.1 Design 

Figure 11 shows the block diagram of the chirp synthesis component. A programmable 

Direct Digital Synthesizer (DDS) generates a baseband chirp of 86-116 MHz. A digital system 

triggers the DDS. The DDS, digital system, and all clocks used in this system are referenced to a 

common 100 MHz clock to ensure all signals are coherent. An ultrawideband Voltage-

Controlled Oscillator (VCO) in a phase-locked loop (PLL) with a programmable frequency 

divider in the feedback path multiplies the baseband chirp to obtain one of higher bandwidth. In 

the present configuration, the divider is programmed to divide the VCO feedback frequency by 

133, resulting in an output chirp of 11.5-15.5 GHz. This signal is down-converted into the 2.5-

6.5 GHz range. A low-pass filter eliminates undesired higher frequencies that would corrupt the 

signal after down-conversion.  

 

Figure 11. Block diagram of the chirp synthesis component. 

The 11.5-15.5 GHz chirp is downconverted into the desired 2.5-6.5 GHz range. A 

programmable synthesizer generates an 18 GHz signal used as the local oscillator for the mixer. 

This signal is amplified to achieve the correct mixer drive level and filtered with a narrow 

bandpass filter to eliminate spurious frequencies that would corrupt the mixer output. An 
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attenuator just before the mixer reduces internal reflections. The output of a mixer gives both the 

sum and difference of the two input signals. The mixer output in this configuration is the sum of 

a 29.5-33.5 GHz chirp and a 2.5-6.5 GHz chirp. The signal is then padded and passed through a 

low-pass filter to remove the sum component and any bleed-through of the LO signal, leaving 

only the 2.5-6.5 GHz signal.  

The inverted chirp results from choosing an LO frequency higher than the RF. The higher 

LO frequency reduces the mixer products. Figure 12 shows a simple analysis showing the mixer 

products published in the T3-20 Mixer datasheet. Each bar in the figure represents a specific 

product, with the bar at 0 dB representing the product of interest. The left image results from 

using a 10 GHz LO in the down-conversion, and the right image results from an 18 GHz LO. In 

the case of the 10 GHz LO, one mixer product spans 3.5-7.5 GHz at about 33 dB below the 

desired output product. Because the product overlaps the band of interest, it is impossible to filter 

out unwanted products. However, if an 18 GHz LO is used in the down-conversion, the 

maximum overlapping product is nearly 60 dB down. The mixer product that overlaps the 

primary product in the first case is now far away and can be removed by filtering the signal. 

  

Figure 12. Mixer products using a 10 GHz LO (left) ad 18 GHz LO (right) to produce a chirp in 

the 2.5-6.5 GHz range.  
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Carefully selecting the LO frequency minimizes the mixer products in the final chirp and 

enables the filtering of higher power products that are out of band. It is important to note that 

choosing an LO of higher frequency than the RF results in negative frequencies, which reverses 

the chirp direction. When the baseband chirp sweeps upward, the final output chirp sweeps 

downward. Since the chirp synthesis hardware is configurable through programming, this is a 

non-issue. 

3.4.2 Performance 

The synthesized chirp is digitized by an oscilloscope, which is triggered at the start of the 

upsweep. A plot of the transmitted frequency as a function of time is shown in Figure 13. The 

figure shows the upsweep, downsweep, and the dwells in between. Dwelling at a constant 

frequency before each ramp significantly reduces the settling time of the VCO at the beginning 

of the ramp. Lab testing shows that a 20 µs dwell is sufficient for the VCO used in this chirp 

synthesis. 

 

Figure 13. The frequency profile of the transmitted chirp. 

Linearity is qualitatively demonstrated with the results shown in Figure 13. Comparing 

the impulse response of individual sub-bands is a more quantitative demonstration. Beat 
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frequency varies with chirp rate, so the impulse response of all segments of a linear chirp will 

give the same peak frequency. Chirp nonlinearities will manifest as different beat frequencies. 

The upsweep is divided into sub-bands, and each sub-band is multiplied by a copy of itself which 

has been circular shifted by an amount corresponding to a target at a 100 m range. A Hanning 

window is applied before the FFT when computing the impulse response. The resulting impulse 

responses are shown in Figure 14 relative to the peak magnitude at the beat frequency. All six 

sub-band peaks are aligned at the same beat frequency, indicating that the chirp rate is the same 

for each sub-band. Additionally, the sidelobes are at least 30 dB below the peak for all sub-

bands. 

 

Figure 14. Sub-banded transmit chirp impulse responses. 

3.5 Radar 

Beyond the chirp synthesis subsystem, many other components comprise the radar. A 

link budget is created when designing the radar to ensure the signal is at the correct power 

throughout the signal path. This section includes details of the link budget and a discussion of the 

radar performance. 
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3.5.1 Link Budget 

The power received by radar from a point target at range 𝑅 is given by 

 𝑃𝑅 =
𝑃𝑇𝐺𝑇𝐺𝑅𝜆

2𝜎0𝐴

(4𝜋)3𝑅4
 (18) 

where 𝑃𝑇 is the transmitted power, 𝐺𝑇 and 𝐺𝑅 are the transmit and receive antenna gains, 𝜎0 is 

the backscatter coefficient, and 𝐴 is the illuminated area. Considering the beam-limited footprint 

gives the overall power received for a given chirp, but the quantity of interest is the power 

received on a per-pixel basis. As such, the illuminated area is both beam-limited and pulse-

limited. 

The ADC samples the signal at discrete time intervals. A single interval spans a time 

Δ𝑡 =
1

𝑓𝑠
, where 𝑓𝑠 is the sampling frequency. The number of samples per sweep is therefore 𝑁 =

𝑡𝑐

Δ𝑡
 , where 𝑡𝑐 is the chirp length. When range compression is performed, the time domain maps 

1:1 to the frequency domain for a complex signal, so there are also 𝑁 frequency resolution cells 

spanning the IF domain from 0 to 𝑓𝑠. The range is computed from the frequency domain and 

again consists of N range resolution cells. The range resolution is the distance from one cell to 

the next in the range-compressed data, and it depends only on the propagation speed and the 

radar bandwidth. 

 𝛿𝑅 =
𝑐

2𝐵
 (19) 

The range of a specific resolution cell is given by 
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 𝑅 =
𝑐𝑡

2
= 𝑐

𝑡𝑐
2𝐵

𝑓𝑏 (20) 

where 𝑓𝑏 is the specific beat frequency, and 𝐵/𝑡𝑐 is the chirp rate. For a platform at a height of ℎ 

meters above the ground, a given range 𝑅 > ℎ defines a circle on the ground. Since the range is 

discretized based on the sampling frequency of the ADC, each range resolution cell contains data 

received from an annular region on the ground. This is the pure pulse-limited footprint. The area 

of interest is the portion of the annular pulse-limited footprint within the beamwidth of the 

antenna. This area is computed for a given incident angle 𝜃 as  

 𝐴 = 𝛿𝜃𝛿𝑐 =
𝑅𝛽𝑎𝛿𝑅
sin 𝜃

 (21) 

Here, 𝛿𝜃 is the arclength of the beam-limited annular region, 𝛿𝑐 is the cross-track width 

corresponding to the pulse-limited footprint, and 𝛽𝑎 is the azimuth beam width. Finally, Doppler 

processing yields the azimuth processing gain given by [56] as 

 𝐺𝑎 =
𝑓𝑝𝜆𝑅𝑎𝑤𝑎

2𝜌𝑎𝑉𝐿𝑎
 (22) 

Here, 𝑓𝑝 is the radar PRF in Hz, 𝑎𝑤𝑎 is the azimuth impulse response broadening factor, 𝜌𝑎 is the 

image azimuth resolution, 𝑉 is the platform velocity in m/s, and 𝐿𝑎 is the reduction in SNR gain 

due to non-ideal azimuth filtering. In this case, it is assumed that 𝐿𝑎 ≈ 𝑎𝑤𝑎 ≈ 1.2. The final link 

budget for a worst-case scenario of 25% volumetric water content is shown in Table 3 in log 

scale. The measured power is greater than the noise floor of the ADC. 

Table 3. Link budget for the sUAS radar at an altitude of 100m AGL and dry soil of medium 

roughness measured at a 30° incident angle. 

Frequency (GHz) 2.5 4.5 6.5 
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Wavelength, 𝜆 (m) 0.12 0.067 0.046 

Tx Power (dBm) 15 17 16 

Tx Antenna Gain (dBi) 12.0 13.5 15.0 

Rx Antenna Gain (dBi) 12.0 13.5 15.0 

Predicted Backscatter Coefficient*, 𝜎0 (dB) -7.0 -7.0 -7.0 

Illuminated Area (dBsm) 9.1 9.1 9.1 

10 log10 𝜆
2 -18.4 -23.5 -26.7 

−30 log10 4𝜋 -33.0 -33.0 -33.0 

−40 log10 𝑅 -82.5 -82.5 -82.5 

SAR Processing Gain 31.9 29.3 27.7 

Measured Power (dBm) -60.9 -63.6 -66.4 

* Predicted backscatter coefficient based on data from [36]. 

 

3.5.2 Design 

The block diagram for this radar is shown in Figure 15. The chirp synthesis block 

consists of the components detailed in the previous section. The filtered chirp is amplified in two 

stages, with attenuation in between to reduce internal reflections. The signal is then padded again 

and split by a power divider. One path is amplified and radiated through the transmit antenna. 

The other path serves as the LO for the receiver mixer. Both amplifiers after the splitter are 

identical to ensure the Tx chirp and the receiver LO signal are identical. 
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Figure 15. Block diagram of the radar system 

The incoming signal illuminates the receive antenna. That signal is high-pass filtered, 

amplified, and low-pass filtered to remove signals outside of the chirp bandwidth. Failure to do 

this could result in spurious signals in other Nyquist zones appearing in the IF band of interest. 

This signal is the RF input on the receiver mixer. All mixer inputs and outputs are attenuated to 

reduce internal reflections. The IF stage amplifies the mixer output, then low-pass filters and 

high-pass filters the signal before digitization with the analog-to-digital converter (ADC). 

3.5.3 Performance 

Radar performance is verified by collecting data in a loopback test using a 200 m optical 

delay line. The delay line attenuates the signal by 32-35 dB over the 2.5-6.5 GHz band. An 

additional 30 dB and 10 dB attenuation are introduced before and after the delay line, 

respectively, for a total of 72-75 dB attenuation. This additional attenuation is not only necessary 

to prevent damage to the delay line transceivers but also serves to minimize cable reflections. 

The total attenuation is analogous to the weakest return expected during data collection in the 

field. 

After collecting the loopback data, an A-scope is generated by taking the FFT in fast-

time. Figure 16 shows the radar response of the full bandwidth signal through the 200 m delay 
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line. A Hanning window is applied before taking the FFT in fast-time to produce the A-scope. 

The amplitude of the first side lobe is 26 dB below the main lobe. 

 

Figure 16. Full bandwidth radar response through a 200 m optical delay line. 

The signal is divided into six 600 MHz sub-bands by time gating the full bandwidth 

measurement, and the same procedure is followed to produce the delay line response. All sub-

band delay line responses are shown together in Figure 17, along with the ideal reference for the 

Hanning window. The difference between the main lobe and the first side lobe is greater than 30 

dB for four sub-bands and greater than 28 dB for the remaining two sub-bands. Low side lobes 

are necessary for target discrimination. 

The sub-band main lobes occur at beat frequencies within  ± 37 Hz of the mean beat 

frequency. This range corresponds to a maximum of 0.003% error in intermediate frequency 

relative to the mean main lobe frequency. This error also translates into a 0.003% error in chirp 

rate, demonstrating the linearity of the radar.  
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Figure 17. Sub-banded radar response through a 200m optical delay line. 

3.6 Data Acquisition 

The digital acquisition system contains a 14-bit ADC to digitize the IF signal output from 

the radar. It can be configured to digitize at sampling frequencies up to 2.4 GHz. In the present 

configuration, the sampling frequency is configured to be 300 MHz, decimated by a factor of 32 

to give a final sampling frequency of 9.375 MHz. This sampling frequency gives a Nyquist 

frequency of 4.6875 MHz. The highest expected IF for the radar in its present configuration is 

less than 2 MHz for the missions flown. A 2 MHz IF measured by a radar with 4 GHz bandwidth 

and 2 ms chirp length corresponds to a range of 300 m. A 2.5 MHz low pass filter in the IF 

ensures that signals outside the range of interest are not digitized in higher Nyquist zones. 

The data are saved onto a solid-state drive via USB. The data throughput is not high 

enough to save every sweep. Four hardware integrations in the digital acquisition system reduce 

the effective PRF by a factor of four while keeping the transmitted power high. 

3.7 Antenna 

The maximum radar system weight requirement gives an advantage to a low-weight 

antenna. A commonly used antenna for ultra-wide bandwidth applications in the industry is a 
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horn antenna. As such, most commercially available antennas for the frequency range of interest 

are horn antennas. Horn antennas perform well, but their size and weight present some 

challenges when integrating with an sUAS. As a result, there is an interest in designing a novel 

antenna specifically tuned for the frequency band of interest. This section briefly details the 

design and performance of the custom patch array antenna used in this study. 

3.7.1 Design 

After several design iterations, the final design of the antenna used in this study is a 4x2 

monopole patch array. Complete details of the antenna design and performance are presented in 

a paper by Awasthi et al. [57]. The antenna measures 240 mm × 160 mm in overall planform, 

with an overall thickness of 22 mm. The patch array is milled out of a single 30 mil Rogers 

RO4350 substrate with the radiating elements on the side facing the target. The substrate is 

physically separated from an aluminum ground plane by four nylon standoffs in the corners of 

the patch substrate. The radiating elements are capacitively coupled via angled pieces of copper 

tape adhered to individual 3D printed feed supports. SMA connectors are mounted to the 

protected side of the ground plane with the pin protruding through the plane and soldered to each 

capacitive feed. Figure 18 shows a CAD model of the antenna, and Figure 19 shows the detailed 

dimensions of the antenna. The mass of the antenna alone is 22 g. 
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Figure 18. CAD model of the 4x2 patch array [57] 

 

Figure 19. Dimensions of the antenna array (a) top view, (b) side view, and (c) detailed feed 

structure. 𝐿𝑔 = 240 mm, 𝑊𝑔 = 160 mm, 𝐿𝑝 = 24.3 mm, 𝑊𝑝 = 22 mm, 𝐿𝑠 = 160 mm, 𝑊𝑠 = 80 

mm, 𝐿1 = 3.5 mm, 𝑊1 = 10.4 mm, ℎ = 10 mm, 𝐿𝑓 = 6 mm, 𝑑𝑥 = 40 mm, and 𝑑𝑦 = 40 mm 

[57]. 

Each element is connected to one of eight outputs of a 1:8 power divider with cables of 

equal length. The COTS power divider housings were modified by replacing the cover plates 

with much thinner aluminum plates, reducing their weight by half. The total mass of one antenna 

with its power divider and eight formable coaxial cables is 370 g. 

3.7.2 Performance 

The performance of the antenna was predicted in simulations and measured in an 

anechoic chamber. The measured and simulated radiation patterns of the antenna array are shown 

for multiple frequencies in Figure 20. The beam width associated with the direction with more 

elements is about half as wide as the orthogonal direction. The beam width decreases with 

increasing frequency. The antenna gain increases with the narrower bandwidth as frequency 
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increases, with a peak gain that increases from 9.3 dBi at 2.5 GHz to a maximum of 16.2 dBi at 

4.5 GHz, as shown in Figure 21. The gain decreases beyond 5 GHz.  

In practice, the antenna is mounted to the sUAS such that the narrow beam angle (𝜙 =

90∘) is oriented in elevation, and the wider beam angle (𝜙 = 0∘) is oriented in azimuth. SAR 

processing the data effectively narrows the beam width of the antenna in azimuth to produce 

fine-resolution measurements in the along-track. The wide bandwidth of the radar provides the 

necessary range resolution to produce fine-scale measurements in the cross-track.  

 

 

(a) 

 

(b) 

 



49 

 

(c) 

Figure 20. Measured and simulated radiation patterns of the antenna array at (a) 2.5 GHz, (b) 3.5 

GHz, and (c) 4.5 GHz [57]. 

 

Figure 21. Realized gain and total efficiency of the antenna array [57]. 
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The radar described in the previous chapter is integrated with a small UAS to collect field 

measurements. This chapter details the work required to integrate the two systems. 

4.1 Platform 

The airborne platform must be capable of carrying the radar system. The weight and size 

of the radar limit the number of commercially available units suitable for the mission. The 

aircraft ultimately selected for this role is the Dragon x6 multirotor produced by Xfold. A 

photograph of the multirotor carrying the radar used in this study is shown in Figure 22. The 

radar chassis is mounted beneath the multirotor, between the landing legs.  

 

Figure 22. Photograph of the multirotor carrying the radar. 

4 UAS INTEGRATION 
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The maximum takeoff weight is 55 lb if adhering to CFR 14 Part 107, although the 

manufacturer claims a maximum payload weight of 110 lb. Key specifications of the Dragon x6 

can be found in Table 4. 

Table 4. Specifications of the Xfold Dragon x6 sUAS. 

Parameter Specification 

Dimensions, deployed 72 x 72 x 28 in 

Dimensions, stowed 40 x 30 x 20 in 

Maximum Payload Dimensions 19 x 15 x 10 in 

Empty Weight (without batteries) 30 lb 

Battery Weight 10 lb 

MTOW 55 lb 

 

The justifications for selecting the Dragon multirotor platform are threefold. First, 

multirotor flight control technology has advanced significantly in recent years, and the market 

offers many commercial off-the-shelf (COTS) solutions. Second, position and heading are 

decoupled for multirotor platforms, allowing for greater operational flexibility. While 

commercial use would likely be better served by the greater range and endurance offered by a 

fixed-wing platform, operational flexibility offers added value for academic research. Finally, the 

slower speed of a multirotor aircraft enables SAR processing of data collected by a radar with a 

low pulse repetition frequency (PRF). 

Compared to fixed-wing UAS, multirotors have a few disadvantages. First, they have a 

much shorter range and endurance for a given weight and energy. A detailed analysis of this is 

presented in Chapter 7. 
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The systems that make the UAS work are very complex, though many of the components 

are COTS parts. The system must also work with the radar system. Figure 23 shows a block 

diagram of the individual components and their electrical interfaces. The UAS is powered by two 

6-cell lithium polymer (Li-Po) batteries connected in series. The batteries provide a combined 

44.4 V nominal voltage (50.4 V maximum when fully charged) to the motor electronic speed 

controllers (ESCs) and the power distribution module, which provides a 5V bus to the rest of the 

system. Six ESCs provide three-phase power to the six brushless DC motors. The FCU 

determines the correct amount of power to send to each motor and sends a PWM signal to each 

ESC. The ESCs draw from the flight batteries and provide the appropriate three-phase current to 

each brushless DC motor. 

 

Figure 23. UAS block diagram 

The pilot manipulates the controls on the handheld remote-control unit. By itself, the unit 

can send control commands via a 2.4 GHz transmitter to a receiver on the aircraft. However, 2.4 
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GHz is close to the radar operating band and can interfere with the radar signals. Using a 433-

MHz transceiver not only separates the command and control of the aircraft from the radar 

operating range in frequency but also allows for longer-range operation and adds the capability 

to receive telemetry from the aircraft and interface with a ground station PC for automated flight. 

The ground station runs mission planning and control software that sends waypoint 

navigation information to the aircraft. The FCU uses onboard guidance, navigation, and control 

algorithms to follow the planned mission autonomously. The FCU also sends telemetry back to 

the ground station PC, which displays the aircraft position and attitude information to the pilot.  

4.2 Radar Integration 

Integrating any system with an aircraft comes not only with the challenge of meeting the 

mission needs, but also with the responsibility to ensure that the integration does not impact the 

airworthiness of the aircraft. To this end, the safest approach is to decouple the essential aircraft 

systems from the mission payload. The radar draws its power from a 7-cell Li-ion battery that is 

completely independent of the aircraft flight battery. While this adds additional weight to the 

payload, it eliminates the risk of the radar discharging the flight battery. Another benefit of using 

a separate battery is minimizing electrical interference between the aircraft propulsion system 

and the radar. 

Excessive input power can damage the radar ADC. The received power is inversely 

proportional to 𝑅4, where 𝑅 is the range from the radar to a target. A system designed to perform 

measurements at 10 m AGL will receive 40 dB more power than it would at the intended 

operating altitude of 100 m AGL. There are two safeties in place to protect the ADC. First, a 

pilot controllable relay switches the power to the transmit amplifiers in the radar. Turning off the 

amplifiers reduces both the power of the signal transmitted from the transmit antenna and the 
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power of the signal to the receiver mixer LO. During operation, the pilot switches on the relay 

only after ascending to the operating altitude. Second, a DC block functions as a high-pass filter 

on the input to the ADC. The intermediate frequency is low at low altitudes, where the received 

power would be too great for the ADC. A high-pass filter attenuates the IF signal received from 

the strong nadir return at low altitudes while eliminating any antenna coupling and any DC 

component present in the IF signal. 

4.3 Navigation 

The pilot can control the aircraft manually or pre-load a flight plan into the mission 

planning software and have the aircraft fly the mission autonomously. The FCU fuses inertial 

measurements from three IMUs with GPS measurements from an off-the-shelf GPS receiver 

antenna to give a more precise position and attitude estimation. While GPS alone provides a 

position estimate with a certainty of about 10 m, the sensor fusion state estimation significantly 

improves the state estimation accuracy. In practice, the aircraft as configured for this study can 

maintain a specified trajectory within ±0.5 m over 300 m. 

Radar measurements also require state estimates to correlate the measurements with 

specific in situ measurements. A VectorNav VN-200 provides the state estimation for the radar. 

The VN-200 is a more sophisticated sensor than that used for aircraft flight control and supports 

a position estimate at a frequency of up to 40 Hz, depending on the available bandwidth of the 

sensor. The radar state estimation is recorded in two ways. First, the radar digital system uses the 

standard GPGGA NMEA information and the one pulse-per-second (PPS) signal to save the time 

of each chirp in the radar data. Second, a second channel from the VN-200 is used to stream the 

INS output of the VN-200 via USB and saved on the embedded Linux operating system running 

on the digital system.  
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Due to the large quantity of data handled by the digital system and multiple channels 

outputting from the VN-200, the maximum state estimation frequency achievable with this 

system is 20 Hz. In contrast, the position data embedded with the radar data are limited to 1 Hz. 

Section 5.2 details conditioning and synchronizing the two individual state estimation streams. 
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Data collected with the UWB radar are processed to generate soil moisture data products. 

The processing involves generating radar backscatter as a function of range and along-track 

distance. These backscatter data are then converted into useful soil moisture data products using 

an inversion algorithm developed with in-situ soil moisture measurements made at a few 

locations and backscatter data collected over these locations. Both the processing technique and 

data collection procedures must be chosen carefully to produce the desired data products. The 

type of data product desired drives the data collection methodology. This chapter lays out the 

data collection methodology and the data processing methodologies used to estimate soil 

moisture. 

5.1 Data Products 

The methods presented herein are designed to produce the following data products: 

1. Calibrated backscatter measurements  

2. Estimated soil moisture values 

3. Comparison with ground truth measurements for validation 

5.2 Data Processing Algorithm 

Producing the fine-scale measurements desired in this study requires the application of 

advanced signal processing algorithms to data measured with low-cost hardware. Too often in 

literature, authors omit key implementation details, leaving readers to re-discover these details on 

their own. This practice is antithetical to the fundamental principle of building on previous 

findings in the scientific community and serves only to hinder progress. The functional 

5 DATA COLLECTION AND PROCESSING TO ESTIMATE SOIL MOISTURE 
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architecture, specific implementation details, and rationale for each step in the algorithm are 

presented herein to make it easier for future scientists to build upon this work. 

5.2.1 Overview 

Over 24,000 lines of MATLAB code have been written in developing the data processing 

code used in this research, not counting deprecated code removed from the code base. However, 

that number includes many test scripts designed to verify the proper functionality of specific 

functions, and the line count of the final version of the processor is estimated to be between 2 

and 4 thousand, depending on the particular use case. 

The major components of the code are shown in the block diagram in Figure 24. The 

radar measurements and INS data are first conditioned, and radar data are synchronized with the 

INS data to provide platform positioning information for each radar sweep. A motion 

compensation algorithm is implemented to correct platform-induced errors before focusing. A 

SAR focusing algorithm focuses the time-domain FMCW radar data. After focusing, each pixel's 

latitude, longitude, and altitude are computed. The focused data are then calibrated against a 

known point target, and the calibrated data are used to calculate the backscatter as a function of 

range and along-track distance. 

 

Figure 24. Block diagram showing the major functional elements of the data processor. 

Each of the functional elements in Figure 24 is detailed in the following sections. Where 

applicable, analysis, simulations, and demonstrations are employed to verify the correct 

implementation of the functional elements. The following sections describe various 

mathematical operations. Many of these operations are agnostic to the order performed, and 
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some are optional. To help reduce confusion, each operation is described using a consistent 

notation, in which variables with a tilde indicate the output of the operation, and variables 

without a tilde represent the inputs. 

5.2.2 INS Data Conditioning 

The state estimate provided by the INS is updated at 20 Hz. Examination of several INS 

variables reveals the presence of some 5 Hz noise corresponding to the GPS update frequency of 

the VN200. A zero-phase low-pass filter is applied to the altitude, latitude, longitude, roll, pitch, 

yaw, and velocity components, with a cutoff frequency of 3.5 Hz. The measured altitude, 

latitude, and longitude are shown in Figure 25 as measured by the INS and after filtering. Note 

the 5 Hz noise in the original data. 

 

Figure 25. INS-measured altitude, latitude, and longitude as measured by the INS before and 

after filtering. 
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5.2.3 Radar and INS Data Synchronization 

Chirp time on the radar is determined using a one pulse per second (PPS) signal from a 

GPS receiver. The radar interpolates between the PPS to assign a time to each chirp. Though the 

INS provides the PPS to the radar, a constant time offset exists between the radar time and INS 

time. The VN200 outputs zeros for latitude and longitude until a GPS satellite fix is obtained. 

Times are synchronized between the two using a cross-correlation. The leading zeros are 

discarded from the radar and INS datasets to avoid correlating to the jump discontinuity that 

would otherwise be present. A parameter 𝜉 is defined for the 𝑖th position estimate as 

 𝜉𝑖 = 𝑥𝑙𝑎𝑡,𝑖
2 + 𝑥𝑙𝑜𝑛,𝑖

2  (23) 

where 𝑥𝑙𝑎𝑡 and 𝑥𝑙𝑜𝑛 are the latitude and longitude of the aircraft, respectively. For a cross-

correlation to be as effective as possible, the function must be approximately zero-centered. 

During field operations, the UAS takes off and lands at approximately the same latitude and 

longitude, so simply demeaning the datasets makes them zero-centered, giving the demeaned 

parameter 

 𝜉𝑖 = 𝜉𝑖 − 𝜉̅  (24) 

where 𝜉̅ is the mean value of 𝜉. A key advantage of Equation (24) is that it is guaranteed to 

change as the platform follows any straight path, providing a sound basis for correlation. This 

parameter is calculated for both the radar data and INS data, 𝜉𝑟𝑎𝑑𝑎𝑟 and 𝜉𝐼𝑁𝑆, respectively. 

 The INS measurements are recorded at 20 Hz, while the effective PRF of the radar is 400 

Hz. Each chirp has an associated time, so the 𝜉𝐼𝑁𝑆 is resampled onto a time axis matching the 

radar PRF by linear interpolation, giving a parameter 𝜉𝐼𝑁𝑆
′ . A cross-correlation between 𝜉𝑟𝑎𝑑𝑎𝑟 

and 𝜉𝐼𝑁𝑆
′  yields the lead or lag of the radar data relative to the INS data. The resampled INS time 
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is then shifted to match the GPS time. Finally, the INS state estimation variables are interpolated 

onto the correlated time axis, giving position, orientation, and rate of change information for 

each chirp in the radar data. 

An example of the correlation between radar and INS timing is shown in Figure 26. The 

data in the figure is from an actual flight. The changes in latitude and longitude resulting from 

the traversal of the aircraft result in several peaks and troughs, which allow the two signals to 

correlate well. The main window of the figure shows the adjusted VN200 data covering the 

Radar GPS data almost completely. The detail window shows a zoomed-in view of a small 

portion of the data, revealing the rationale for using INS data. The GPS data recorded by the 

radar are not updated as frequently as the INS data, resulting in discontinuities in the state 

estimation. By using the INS data directly from the VN200 and resampling it onto the radar time 

axis, the state estimation more closely resembles the actual state of the platform. 

 

Figure 26. Results of synchronizing the radar and INS time sources. 



61 

 

After synchronizing the radar and INS time sources, the latitude and longitude are used to 

compute an array of along-track distance (i.e., the cumulative distance traveled). 

5.2.4 Radar Data Conditioning 

The radar measurement data are conditioned before processing. This step not only 

ensures the data are in the proper format and scale for calibrated measurements but also removes 

problematic sweeps and extracts the sub-band of interest from the full dataset. A block diagram 

of the data conditioning process is shown in Figure 27. 

 

Figure 27. Block diagram of the radar data conditioning process. 

Case parameters are specified using a manually generated input file. There are several 

categories of parameters covered in this step: 1) radar parameters, 2) ADC parameters, 3) 

processor options, 4) flight line parameters, and 5) physical properties. Radar parameters include 

chirp properties such as operating frequencies and chirp length. ADC parameters include 

properties such as the Pulse Repetition Interval (PRI) and sampling frequency. Processor options 

affect the behavior of the processing algorithm, such as focus range, zero padding factor, and 

desired along-track resolution. Flight line parameters specify the files to be processed, the 

beginning and end of the line, and calibration target parameters. Physical properties are those 

specific to the operating environment, such as wave propagation speed. Parameters that remain 

constant for all cases presented herein are shown in Table 5. Data are loaded according to 

parameters that specify the specific files to load that include the line of interest to avoid loading 

more data than necessary. 
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Table 5. List of constant parameters for all cases. 

Property Variable Value 

Wave Propagation Speed 𝑐 3 × 108 m/s 

Pulse Repetition Interval 𝑃𝑅𝐼 2.5 ms 

Pulse Repetition Frequency 𝑃𝑅𝐹 400 Hz 

Sampling Frequency 𝑓𝑠 300 MHz 

ADC Decimation Factor 𝐷𝐹 40 

ADC Hardware Integrations 𝑛ℎ𝑤𝑖 4 

ADC Voltage Coefficient 𝐶𝑣 3.008288558703 × 10-6 

Full Chirp Start Time 𝑡𝑠𝑡𝑎𝑟𝑡 161 µs 

Full Chirp End Time 𝑡𝑒𝑛𝑑 2121 µs 

Full Chirp Start Frequency 𝑓𝑠𝑡𝑎𝑟𝑡 2.5 GHz 

Full Chirp Bandwidth 𝐵 3.75 GHz 

  

5.2.4.1 Converting ADC Counts to Voltages 

Analog signals input to the ADC are quantized and recorded as integer values, which are 

also referred to in this work as counts. These counts must be converted to voltages to provide 

meaningful context to the measurements and enable calibrated power calculations. The output of 

an arbitrary waveform generator (AWG) is configured to output a 1.33 MHz sine wave with a 

peak-to-peak voltage of 𝑉𝑝𝑝 = 0.6325 V, which is 0 dBm for a 50-Ohm impedance. The output 

is then connected directly to the input of the radar digitizer, bypassing the radar circuitry. The 

digitizer records the data exactly as configured for the flight. The experiment is repeated with 

varying levels of attenuation introduced to produce datasets with 0, -10, -20, -30, -40, and -60 

dBm. 



63 

 

Each dataset is loaded and demeaned, and a Hilbert transform is applied as is the case in 

the final processor. The data are structured in the same way as the flight data, with each column 

of data corresponding to what would be a frequency sweep, with a time delay between 

consecutive sweeps. Each column of test data is treated separately to avoid discontinuities in this 

test. The digitized data are zero-padded by a factor of 16 to generate a smooth range profile. An 

FFT is computed, dividing by the original length of the data to maintain proper scaling in 

MATLAB. The FFT shows a single peak at 1.33 MHz as expected. The value of the peak 

corresponds to the magnitude of the signal, which in this case is in the units of digital counts. 

A linear regression of the digital counts against the input voltage gives a relationship 

between the two values, such that  

 𝑉 = 𝛼𝐶 + 𝑏 (25) 

where 𝑉 is the voltage and 𝐶 is the digital count. Figure 28 shows the data and the linear 

regression fit line for the digitizer used in this study. For this digitizer, the regression yields 𝛼 =

2.778341 × 10−6. This means that each integer count corresponds to about 2.778 µV. The bias 

𝑏 is of little interest, as its effects are removed with demeaning in the processor. 
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Figure 28. Regression relating the digital counts to the corresponding digitizer input voltage. 

The voltage coefficient is applied to the time domain radar data using the equation 

 �̃�(𝑡) = 𝛼𝐶(𝑡) (26) 

where 𝐶𝑖(𝑡) is the original signal in digital counts, and �̃�(𝑡) is the same signal converted to 

Volts. To demonstrate the conversion of counts to Volts, the original digitized 0 dBm signal is 

multiplied by the coefficient 𝛼 determined above. The first 50 µs of the converted signal are 

plotted with the theoretical envelope corresponding to 0 dBm in Figure 29. After the conversion, 

the signal fits nicely into the theoretical envelope. The spectrum of each test signal after 

conversion is shown in Figure 30. Each peak has the correct amplitude at 1.33 MHz according to 

the input signal. 
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Figure 29. Demonstration of the proper scaling of the data, as tested with a 1.33 MHz sinusoidal 

waveform from an arbitrary waveform generator at 0 dBm. 

 

Figure 30. The spectrum of all supplied waveforms after converting from counts to voltages with 

no windowing. From top to bottom: 0, -10, -20, -30, -40, and -60 dBm sinusoid input waveforms. 
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5.2.4.2 Demeaning 

After ensuring the data correspond to voltage measurements, the data are demeaned to 

eliminate the DC component. The resulting signal for the 𝑖th digitized sweep is given by  

 �̃�𝑖(𝑡) = 𝑣𝑖(𝑡) −∑𝑣𝑗(𝑡)

𝑀

𝑗=1

 (27) 

where 𝑀 is the total number of along-track measurements in the dataset. 

5.2.4.3 Hilbert Transform 

The data digitized by the current radar are real-valued. The digital system records data 

that appears complex, with real and imaginary components, but due to the configuration of the 

digital system, the real and imaginary components are identical (i.e., the digitized values take the 

form 𝑣(𝑡) = (1 + 𝑗)𝑥(𝑡)). The imaginary component of the digitized values is discarded, and a 

Hilbert transform is performed to transform real-valued data into complex data. This gives a 

single-sided return with the correct amplitude. 

5.2.4.4 Outlier Sweep Rejection 

Inspection of the time-domain data reveals some anomalous chirps with magnitudes 

several orders of magnitude higher or lower than other chirps. These spurious chirps may be 

caused by external interference or a digitization error with the ADC, with the latter being the 

more likely scenario. Regardless of the cause, these chirps must be removed from the data to 

prevent errors from impacting signal processing.  

First, the mean of each chirp is computed, resulting in an array of mean values 

representing the mean voltage for a given sweep. Ideally, the mean should be approximately 

zero-centered, so the array is detrended to ensure this is the case. Any values far from zero 

compared to others can be considered an outlier. MATLAB’s built-in rmoutliers function can 
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remove outliers from the detrended mean value array. An optional output argument provides an 

array of indices to remove, and this information is used to discard the offending chirps from the 

original chirp data. 

 

Figure 31. Demeaned mean chirp voltage before and after discarding outlier chirps. 

An example of the outlier sweep rejection is shown in Figure 31. In this example, two 

sweeps were digitized with mean values several orders of magnitude lower than other sweeps. 

The algorithm removes the two spurious sweeps but leaves other sweeps untouched. 

5.2.4.5 Sub-banding 

The full bandwidth of the radar is 3.75 GHz. While the ultra-wide bandwidth yields a fine 

range resolution of 4 cm, it also presents some challenges. The backscattering properties of soil 

are frequency-dependent. Sub-banding enables the use of frequency as an additional variable for 

regression if needed. 

An ultra-wide bandwidth also poses a couple of challenges during the focusing of the 

measurement data. As discussed previously, the radar cross-section of a corner reflector depends 

on the frequency. The beamwidth and gain of an antenna also vary with frequency. These two 

facts can affect the focused measurement values. 
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Sub-banding is performed by time-gating the digitized signal. In its flight configuration, 

the complete chirp of the radar starts at 161 µs and ends at 2161 µs relative to the start of each 

chirp digitization. The data is gated to 600 MHz sub-bands in this study by gating the data in 320 

µs increments. 

5.2.5 Along-track Resampling 

The aircraft velocity fluctuates as it traverses along a line. The radar PRF, however, is 

constant. The varying velocity and constant PRF mean the along-track spatial distance between 

each chirp is nonuniform. Along-track resampling corrects the nonuniformity and interpolates 

data onto a uniform spacing. 

MATLAB has a built-in resample function, which is used for this operation. MATLAB 

first interpolates the data to an intermediate uniform spacing of (𝑝/𝑞)/𝑓𝑠, where 𝑝 is the 

upsampling factor, 𝑞 is the downsampling factor, and 𝑓𝑠 is the final output frequency. MATLAB 

recommends that 𝑓𝑠𝑞/𝑝 is at least twice as large as the highest frequency component of the data. 

The interpolated signal is then upsampled by 𝑝 and downsampled by 𝑞 for a final sampling rate 

of 𝑓𝑠. In this work, 𝑓𝑠 is chosen to match the smallest spatial distance between two consecutive 

chirps, 𝑝 = 1, and 𝑞 = 4. 

5.2.6 Motion Compensation 

As the platform traverses a path, environmental variables such as wind can cause the 

platform to deviate from the nominal flight path. Figure 32 shows a block diagram of the motion 

compensation algorithm. Motion compensation is done in the frequency domain. First, a range 

FFT is performed. Neither windowing nor zero padding is applied before this FFT because the 

data will be taken back to the time domain before focusing. 
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Figure 32. Block diagram of the motion compensation algorithm 

5.2.6.1 Nominal Flight Path Reference Frame Definition 

To determine the trajectory error, the aircraft's position must be known in a local 

reference frame. The local reference frame is defined such that the 𝑥𝑎𝑡 is along the nominal flight 

path, 𝑥𝑐𝑡 is out the left side of the platform (the direction of the side-looking radar), and 𝑥𝑧 is up, 

all relative to the initial position. Two additional references 𝑥𝑛𝑜𝑟𝑡ℎ and 𝑥𝑒𝑎𝑠𝑡 are defined as the 

north and east distances from the initial position, respectively. The Haversine formula is used to 

compute these reference values from latitudes and longitudes. Given two coordinate pairs 

(𝑙𝑎𝑡1, 𝑙𝑜𝑛1) and (𝑙𝑎𝑡2, 𝑙𝑜𝑛2), the Haversine formula defines the great circle distance between the 

two coordinates as 

 𝑑(𝑙𝑎𝑡1, 𝑙𝑜𝑛1, 𝑙𝑎𝑡2, 𝑙𝑜𝑛2) = 2𝑅𝑒 atan(√
𝐴

1 − 𝐴
) (28) 

where 𝑅𝑒 is the radius of Earth, and 𝐴 is given by 

 𝐴 = sin2 (
𝑙𝑎𝑡2 − 𝑙𝑎𝑡1

2
) + cos(𝑙𝑎𝑡1) cos(𝑙𝑎𝑡2) sin

2 (
𝑙𝑜𝑛2 − 𝑙𝑜𝑛1

2
) (29) 

The north and east distances from the 𝑖th initial coordinate can be found by using 

Equation (28) while keeping either the longitude or latitude constant. 
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 𝑥𝑛𝑜𝑟𝑡ℎ = 𝑑(𝑙𝑎𝑡1, 𝑙𝑜𝑛1, 𝑙𝑎𝑡2, 𝑙𝑜𝑛1) ∗ sign(𝑙𝑎𝑡2 − 𝑙𝑎𝑡1) (30) 

 𝑥𝑒𝑎𝑠𝑡 = 𝑑(𝑙𝑎𝑡1, 𝑙𝑜𝑛1, 𝑙𝑎𝑡1, 𝑙𝑜𝑛2) ∗ sign(𝑙𝑜𝑛2 − 𝑙𝑜𝑛1) (31) 

These values can then be used to compute the local reference frame coordinates. A vector 

is defined from the initial position 𝑝𝑖 = [0,0,0] to the actual position of the aircraft carrying the 

radar 𝑝𝑎 = {𝑥𝑛𝑜𝑟𝑡ℎ, 𝑥𝑒𝑎𝑠𝑡 , 𝑥𝑧} as 

 𝑟𝑖𝑎 = 𝑝𝑎 − 𝑝𝑖 (32) 

A similar vector is defined from the 𝑝𝑜 to the final position of the aircraft 𝑝𝑒 =

{𝑥𝑛𝑜𝑟𝑡ℎ,𝑓𝑖𝑛𝑎𝑙, 𝑥𝑒𝑎𝑠𝑡,𝑓𝑖𝑛𝑎𝑙, 𝑥𝑧,𝑓𝑖𝑛𝑎𝑙} 

 𝑟𝑖𝑒 = 𝑝𝑒 − 𝑝𝑖 (33) 

The unit vector �̂�𝑖𝑒 = 𝑟𝑖𝑒/|𝑟𝑖𝑒| thus defines the direction of the nominal flight path, defined as a 

straight line between the start and end points of a flight line. The local reference frame 

coordinates are then computed as 

 𝑥𝑎𝑡 = 𝑟𝑖𝑎 ⋅ �̂�𝑖𝑒 (34) 

 𝑥𝑐𝑡 = 𝑟𝑖𝑎 ⋅ ({0, 0, 1} × �̂�𝑖𝑒) (35) 

Figure 33 shows the geometry of the nominal and actual flight trajectories and the 

reference quantities mentioned above. Note that off-nominal flight trajectories result in a range to 

target 𝑅𝑎 that differs from the nominal range to target 𝑅𝑜. The purpose of motion compensation 

is to correct the difference between the nominal and actual range to the target. 
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Figure 33. Nominal and actual flight trajectories, with reference quantities. 

5.2.6.2 Manual Surface Detection 

To compute the range error associated with aircraft motion, it is first necessary to find the 

distance from the radar to the ground. The nadir response from the surface is generally the 

strongest signal measured by the radar in any given chirp, except for some corner reflectors and 

cases where the signal is attenuated by volume scatterers such as vegetation. It is generally easy 

visually to identify the surface return in an echogram, so a manual surface detection algorithm is 

implemented. 

An echogram is displayed to the user, and the user visually selects a series of points along 

the surface. An initial estimate of the surface index is determined by linearly interpolating 

between the user-selected points. The algorithm then searches each chirp for the peak amplitude 

within ±1 m of the interpolated user-selected surface. If the peak amplitude within that band is 
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greater than the mean amplitude by more than a specified threshold, the index of that peak is 

recorded as the surface index. Otherwise, that chirp is skipped, and the process continues with 

subsequent chirps. After identifying the index of the peak associated with the surface return for 

each chirp that meets the criteria, the surface index of each skipped chirp is determined by linear 

interpolation. 

 

Figure 34. Echogram with user-selected surface points and the surface detected by the algorithm. 

The peak detection and interpolation algorithm works remarkably well. Figure 33 shows 

the result of the manual surface detection algorithm. Note that the user-selected points are not 

perfectly aligned on the detected line because it is difficult to select the peak return visually 

without investing much time. 

5.2.6.3 Range Error Calculation and Correction 

For a nominal (expected) range to target 𝑅𝑛 and actual range to target 𝑅𝑎, the range error 

is given by 
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 Δ𝑅 = 𝑅𝑎 − 𝑅𝑛 (36) 

The flight lines are established based on points or lines of interest on the ground, with an 

intended incident angle. Consider a point target at a range 𝑅𝑎 from the radar. Given only the 

range information, the target is known to be located somewhere on the surface of a sphere 

surrounding the radar. However, making a couple of assumptions removes the target position 

ambiguity. The first assumption is that the target is at the same along-track coordinate as the 

radar. This is especially valid for the focused data. This assumption constrains the target to 

somewhere on a circle on the surface. 

The final step in removing the ambiguity is to use the distance to the surface calculated in 

Section 5.2.6.2. It is assumed that the terrain beneath the platform is flat in the cross-track 

direction. Furthermore, it is assumed that any target closer than the surface range is directly 

beneath the platform’s actual position. These assumptions yield the relationships 

 𝑥𝑎𝑡,𝑡 = 𝑥𝑎𝑡,𝑎 (37) 

 𝑥𝑐𝑡,𝑡 = 𝑥𝑐𝑡,𝑎 +
1 + sign(𝑅𝑎 − ℎ)

2
√𝑅𝑎2 − ℎ2 (38) 

 𝑥𝑧,𝑡 = 𝑥𝑧,𝑎 −min(𝑅𝑎, ℎ) (39) 

Here, ℎ is the nadir range of the surface, and the 𝑡 and 𝑎 after commas in the subscripts 

denote the coordinates of a target and the actual position of the platform, respectively. Note that 

the coefficient before the square root in Equation (95) is zero for any target closer than the 

surface and unity for any target beyond the surface index. A vector between the point target and 

the nominal flight path is then defined as 
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 𝑟𝑛𝑡 = 𝑝𝑡 − 𝑝𝑛 (40) 

The nominal range to target 𝑅𝑛 can then be computed as 

 𝑅𝑛 = √(𝑥𝑎𝑡,𝑡 − 𝑥𝑎𝑡,𝑛)
2
+ (𝑥𝑐𝑡,𝑡 − 𝑥𝑐𝑡,𝑛)

2
+ (𝑥𝑧,𝑡 − 𝑥𝑧,𝑛)

2
 (41) 

Using the known 𝑅𝑎 as measured by the radar, the range error is computed using 

Equation (36). This gives a new range value for every pixel.  The compensated range is 

 𝑅𝑐 = 𝑅𝑎 + Δ𝑅 (42) 

The motion is compensated using a circular shift, so it is not possible to correct for 

motion at every pixel. The number of pixels to shift each pixel is range dependent. Using a 

circular shift, every pixel in the chirp must be shifted the same amount, so a compromise is made 

to minimize the range error at the same focal range 𝑅𝑜 used in the focusing algorithm described 

in Section 5.2.7. The number of pixels to shift the chirp is 𝑖𝑛𝑒𝑤 − 𝑖𝑜𝑙𝑑, where 𝑖𝑛𝑒𝑤 is the index of 

the element in the 𝑅𝑐 array closest to 𝑅𝑜, and 𝑖𝑜𝑙𝑑 is the index of the element in the 𝑅𝑎 array 

closest to 𝑅𝑜. 

Figure 35 and Figure 36 show the unfocused echogram of the same line before and after 

motion compensation. Note that variations in surface elevation are greatly reduced and more 

closely match the actual elevation of the site. An Inverse Fast Fourier Transform (IFFT) in the 

range axis brings the motion compensated data back into the time domain before focusing. 
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Figure 35. Echogram before motion compensation. 

 

Figure 36. Echogram after motion compensation. 
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5.2.7 SAR Processor 

The SAR processor is the key to obtaining fine-resolution measurements. Focusing 

improves the signal-to-noise ratio (SNR) and effectively narrows the beamwidth in azimuth by 

utilizing multiple sweeps of data to focus returns from a range-azimuth hyperbola to a single 

point. The SAR algorithm is divided into three main parts: 1) dividing the data into apertures, 2) 

focusing each aperture, and 3) overlapping and adding consecutive apertures to remove the 

amplitude effects introduced by windowing. A simple block diagram of the process is shown in 

Figure 37. The following sections cover each of these parts in greater detail.  

 

Figure 37. Overview of the SAR Processor. 

5.2.7.1 Flight Line Aperture Segmentation 

For a flight line of any substantial length, multiple apertures are required to cover the 

entire line due to the finite beam width. The azimuth resolution is the resolution in the direction 

parallel to the flight path of the radar platform. For a real aperture (i.e., an antenna), the angular 

spread of the radar beam in the azimuth direction is 

 𝛽𝑎~
𝜆

𝐿𝑎
 (43) 

Where 𝜆 is the wavelength of the transmitted signal, and 𝐿𝑎 is the aperture length – the length of 

the physical antenna – in the azimuth direction. A longer antenna produces a tighter beam. The 

azimuth resolution is the minimum distance between targets to guarantee that two targets at the 

same range can be imaged separately. Two targets at the same slant range 𝑅 will be 
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indistinguishable if they are within the angular spread of the radar beam. The azimuth resolution 

is thus the beam-limited arc length at the slant range, 

 𝛿𝑎 = 𝑅𝛽𝑎 =
𝑅𝜆

𝐿𝑎
 (44) 

 In a SAR, the Doppler effect is utilized to greatly increase the azimuth resolution. For a 

fully focused SAR, the along-track resolution is 

 𝛿𝑎 =
𝐿𝑎
2

 (45) 

For a SAR that is not fully focused, the along-track resolution can be computed as 

 𝛿𝑎 =
𝑘𝑅𝜆

𝐿𝑒𝑓𝑓
 (46) 

where 𝐿𝑒𝑓𝑓 is the effective aperture length of the synthetic aperture, and 𝑘 is a factor that 

accounts for the decreased azimuth resolution that comes with using a window to reduce 

sidelobes. 𝑘 ≈ 1.5 for a Hanning window. By specifying the desired value of 𝛿𝑎, the aperture 

length can be computed. 

 𝐿𝑒𝑓𝑓 =
𝑘𝑅𝜆

𝛿𝑎
 (47) 

The maximum effective aperture length is limited by the azimuth beamwidth 𝛽𝑎 

 𝐿𝑒𝑓𝑓 < 𝑅𝛽𝑎 (48) 

The flight line data are divided into multiple apertures based on the desired along-track 

resolution. The number of chirps in each aperture is 
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 𝑁𝑎𝑝 = floor(
floor (

𝐿𝑒𝑓𝑓
𝛿𝑥𝑎𝑡

) − 1

2
) × 2 + 1 (49) 

where 𝛿𝑥𝑎𝑡 is the along-track distance between consecutive chirps. Equation (49) guarantees that 

the number of samples in an aperture is an integer value while also ensuring that each aperture 

includes an odd number of samples. Consecutive apertures are constructed such that the last 

(𝑁𝑎𝑝 − 1)/2 samples of the first aperture are the first (𝑁𝑎𝑝 − 1)/2  samples of the next 

aperture. The precise number of overlapping samples is critical for the constant overlap and add 

(COLA) procedure discussed in Section 5.2.7.3. Each aperture is then focused independently 

using the methods discussed in Section 5.2.7.2. 

5.2.7.2 Focusing 

The focusing algorithm is the key to obtaining high-precision soil moisture estimates. A 

Range-Doppler (RD) algorithm for FMCW radar has been developed for this and future work. A 

high-level block diagram of the algorithm as implemented in this work is shown in Figure 38. 

The input to the algorithm is the time-domain chirp data, and the output is the focused results.  

 

Figure 38. Block diagram of the focusing algorithm 

A Hanning window array 𝑤 of length 𝑁𝑎𝑝 is constructed using the built-in function of 

Matlab. It is applied to the aperture in the azimuth direction by element-wise multiplication, 

which is denoted here with the ⊙ operator. Element-wise multiplication of a matrix and a vector 

is equivalent to multiplying the matrix with the diagonal matrix formed from the elements of the 

vector. The windowed aperture data is then 
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𝑦𝑤𝑖𝑛 = 𝑦⊙  𝑤 = 𝑦 diag(𝑤) 

(50) 

The windowed data are then zero-padded by appending zeros to the end of the windowed 

aperture chirp matrix. Windowing reduces spectral leakage. Consider a 3 Hz sinusoidal wave 

taking the form 

 
𝑦 = cos(4𝜋𝑡) 

(51) 

with a sampling frequency 𝑓𝑠 = 50 Hz, digitized for 𝑇 = 0.8 s, as shown in Figure 39. Taking the 

FFT of the sampled signal gives the spectrum shown in Figure 40. No frequency bin exists 

exactly at 3 Hz due to the discretization of the signal, so the energy from the 3 Hz signal “leaks” 

to the neighboring bins, with bins closer to the signal receiving more energy than bins further 

away. As a result, the peak amplitude is at 0.72 rather than the known value of 1.  

 

Figure 39. Analytical 3 Hz signal sampled at 50 Hz over a 0.8 s sampling period. 
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Figure 40. The frequency spectrum of a 3 Hz signal sampled at 50 Hz. 

Zero padding has the effect of interpolating between values in the frequency domain. 

Zeros are appended to the end of the sampled signal such that the combined length of the array of 

the sampled signal array of length 𝑛 and the zeros is 𝑛 × 𝑝, where 𝑝 is a padding factor. Figure 

41 shows the original frequency spectrum plotted with the frequency spectrum after zero padding 

with 𝑝 = 8. With zero padding, the spectrum is interpolated between the frequency bins in the 

unpadded signal, with a clear peak at 3 Hz with an amplitude of 0.98. In practice, a padding 

factor of about 8 is sufficient to accurately resolve the amplitude while keeping the array of data 

to a manageable size. This gives 

 
𝑦𝑧𝑝 = [𝑦𝑤𝑖𝑛 𝟎𝑁𝑟𝑛𝑔×(𝑝−1)𝑁𝑎𝑝] (52) 

where 𝟎𝑁𝑟𝑛𝑔×(𝑝−1)𝑁𝑎𝑝 is a matrix of zeros with 𝑁𝑟𝑛𝑔 rows and (𝑝 − 1)𝑁𝑎𝑝 columns. 𝑁𝑟𝑛𝑔 is the 

number of range-wise elements in each sampled chirp. 
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Figure 41. The spectrum of a 3 Hz signal computed with and without zero padding. 

After windowing and zero padding the array in the azimuth direction, an azimuth FFT is 

taken to bring the data into the Doppler domain. Just as the intermediate frequency 𝑓𝑖𝑓 is 

bounded by ±
𝑓𝑠

2
, the Doppler frequency 𝑓𝑑 is bounded by ±

𝑃𝑅𝐹

2
, where 𝑃𝑅𝐹 is the pulse 

repetition frequency. A reference function for range migration is defined as 

 
𝑣𝑟𝑚 = exp(𝑗 (

𝛼𝑐𝑅𝑜

4𝑣𝑟𝑒𝑓
2 (

𝑓𝑑
𝑓𝑜
)
2

) 𝑡) 
(53) 

where 𝑗 = √−1, 𝛼 =
𝐵

𝑡𝑐
 is the radar chirp rate, 𝑅𝑜 is the focus range, and 𝑓𝑜 is the chirp start 

frequency. The reference function is applied by taking the complex conjugate (denoted by a 

superscript ∗) and multiplying it with the zero-padded data.  

 
𝑦𝑟𝑚 = 𝑦𝑧𝑝𝑣𝑟𝑚

∗  
(54) 

After range migration, the chirp data are windowed in the range direction using a 

Hanning window, and it is zero-padded in the range direction using the same method described 

above. An FFT in the range direction takes the signal to the Range-Doppler domain. Once the 
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data are in the Range-Doppler domain, azimuth dechirping is performed using a dechirp 

reference function 

 
𝑣𝑑𝑒𝑐ℎ𝑖𝑟𝑝 = exp (𝑗𝜔𝑜𝜏𝑜) (55) 

where 𝜔𝑜 = 2𝜋𝑓𝑜 is the angular frequency in radians, and 𝜏𝑜 =
2

𝑐
√𝑅𝑜2 + 𝑥2 is the time delay 

associated with a target at the focal range 𝑅𝑜 and at an along-track distance to the center of the 

aperture, 𝑥. The dechirp reference function is constructed in the time domain, so it must be 

windowed, zero-padded, and brought into the frequency domain in the same manner as the chirp 

data. Doing so yields the match filter, 𝐻𝑓. Conjugating the match filter and multiplying by the 

chirp data gives the dechirped signal. 

 
𝑦𝑑𝑒𝑐ℎ𝑖𝑟𝑝 = yrm𝐻𝑓

∗ 
(56) 

 At this point, the signal is ready to be taken back to the range-azimuth domain. A 

Hanning window is applied in the azimuth direction before an inverse fast Fourier transform 

(IFFT). The result after the IFFT is a focused aperture with 𝑝 ⋅ 𝑁𝑎𝑝 elements in the azimuth 

direction and 𝑝 ⋅ 𝑁𝑟𝑛𝑔 elements in the range direction. The data is in the frequency domain in 

range and the time domain in azimuth. However, the elements added during the first zero-

padding operation are still present and must be removed. The extra elements are simply 

discarded, resulting in an array with 𝑁𝑎𝑝 elements in azimuth. 

5.2.7.3 Overlap and Add 

Windowing in the Doppler domain produces apertures with edge effects due to the 

windowing applied during azimuth compression. The simplest way to address the edge effects 

while still taking advantage of the benefits of windowing is to overlap and add adjacent 

apertures. Using an appropriate windowing function allows overlapping apertures to add up to a 
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constant weight, referred to as constant overlap and add (COLA). The specific windowing 

function used dictates the amount of overlap needed for COLA. There are several options for 

windows, including Hanning, Hamming, Bartlett, Blackman, and Blackman-Harris windows. 

What follows are the details of the COLA implementation using a Hanning window, as used in 

the current work. 

A Hanning window with 𝑁 + 1 points is given by 

 
𝑤1(𝑛) = 0.5 (1 − cos (

2𝜋𝑛

𝑁
)) , 0 ≤ 𝑛 ≤ 𝑁 

(57) 

A window function can be shifted to the right by some integer 𝑚 points using 𝑤2 = 𝑤1(𝑛 − 𝑚). 

 
𝑤2(𝑛) = 𝑤1(𝑛 − 𝑚) = 0.5 (1 − cos (

2𝜋(𝑛 − 𝑚)

𝑁
)) , 0 ≤ 𝑛 ≤ 𝑁 

(58) 

For the overlap and add routine, taking 𝑚 = 𝑁/2 yields 

 
𝑤2(𝑛) = 0.5(1 − cos(

2𝜋 (𝑛 −
𝑁
2)

𝑁
)) , 0 ≤ 𝑛 ≤ 𝑁 

(59) 

This can be rearranged as 

 
𝑤2(𝑛) = 0.5 (1 − cos (

2𝜋𝑛

𝑁
− 𝜋)) = 0.5 (1 + cos (

2𝜋𝑛

𝑁
)) , 0 ≤ 𝑛 ≤ 𝑁 

(60) 

Summing the two functions gives 

 
𝑤𝑠 = 𝑤1 + 𝑤2 = 1 

(61) 

This implies that overlapping neighboring apertures by 𝑁/2 points and summing the 

overlapped region recovers the full-scale power of apertures that have had a Hanning window 

applied in the azimuth compression process. A simple demonstration in MATLAB verifies this is 

indeed the case. A simple script generates three Hanning windows with 101 points each, with 

each window shifted 51 points to the right of the preceding one such that consecutive windows 
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overlap by 50 points. The sum of adjacent window functions in the overlap region is unity, as 

seen in Figure 42. The edge effects are eliminated everywhere within the composite image 

except the far left and right edges, where no adjacent aperture is present. These edge effects at 

the extremities are not an issue in practice because they can be mitigated operationally by 

extending the planned flight trajectory beyond the desired ground track by 𝐿/2, where 𝐿 is the 

aperture length. 

 

Figure 42. Demonstration of overlapping Hanning window functions. 

The range-doppler algorithm detailed in the previous section applies a Hanning window 

during azimuth compression to reduce the sidelobes in the doppler impulse response. If apertures 

are not overlapped, the window function edges produce a periodic noise in the final image, as 

shown in Figure 43. However, overlapping the apertures by 𝑁/2 points and summing the 

overlapped regions yields an image free of window edge effects, as shown in Figure 44. The 

apertures must be overlapped and added only after converting the signal into power on a linear 

scale. The results are then converted to a log scale. 
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Figure 43. Echogram of focused data without overlapping apertures. 

 

Figure 44. Echogram of focused data with overlapping apertures. 

5.2.7.4 Simulation and Results 

Simulations verify the correct functionality of the focusing algorithm. Let us consider the 

transmitter signal expressed as 
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 𝑣𝑇(𝑡) = 𝐴𝑜𝑒
−𝑗(𝜑(𝑡))          −

𝑇𝑝
2
≤ 𝑡 ≤

𝑇𝑝
2

 
(62) 

where 𝜑(𝑡) is the time-varying phase of the signal, 

 𝜑(𝑡) = 𝜔𝑜𝑡 +
𝛼𝑡2

2
 (63) 

Here 𝛼 is the chirp rate of the radar in rad/s. Assuming the amplitude of the signal is constant 

with frequency and time over the chirp duration, the received signal is a time-delayed version of 

the transmitted signal with reduced amplitude and can be expressed as 

 𝑣𝑟(𝑡) = 𝐾𝐴𝑜𝑒
−𝑗(𝜑(𝑡−𝜏)) (64) 

 In an FMCW radar, the received signal is multiplied with the transmitted signal in a 

mixer (multiplier) and filtered to eliminate sum frequencies and keep difference frequencies. 

Analytically, multiplication and filtering are equivalent to multiplying the received signal with a 

conjugate of the transmitted signal. 

 𝑣𝐼𝐹(𝑡) = 𝐾𝐴𝑜𝑒
−𝑗(𝜑(𝑡−𝜏))𝐴𝑜𝑒

𝑗(𝜑(𝑡)) = 𝐾𝐴𝑜
2𝑒𝑗[𝜑(𝑡)−𝜑(𝑡−𝜏)] (65) 

Rearranging to compute the phase difference and expanding the 𝜑 terms gives 

 𝑣𝐼𝐹(𝑡) = 𝐾𝐴𝑜𝑒
−𝑗(𝜑(𝑡−𝜏))𝐴𝑜𝑒

𝑗(𝜑(𝑡)) = 𝐾𝐴𝑜
2𝑒𝑗[𝜑(𝑡)−𝜑(𝑡−𝜏)] (66) 

Using the definition of 𝜑(𝑡) in Equation (63) and subtracting the two terms gives 

 
𝜙(𝑡) = 𝜑(𝑡) − 𝜑(𝑡 − 𝜏) = 𝛼𝜏𝑡 + 𝜔𝑜𝜏 −

𝛼

2
𝜏2 

(67) 

The 𝜏2 term is the residual video phase, and it typically can be neglected, leaving 

 
𝜙(𝑡) = 𝛼𝜏𝑡 + 𝜔𝑜𝜏 (68) 

Taking the derivative with respect to time gives 
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𝑑𝜙

𝑑𝑡
= 𝛼𝜏 + 𝜔𝑜

𝑑𝜏

𝑑𝑡
 (69) 

The IF signal can be approximated as a constant beat frequency plus an additional frequency 

term. The time delay 𝜏 varies as the radar flies by a stationary target, with 

 
𝜏(𝑥) = 𝜏𝑜 + 𝛿𝜏(𝑥) (70) 

where 𝜏𝑜 is the minimum time delay when the target is located on the radar boresight, and 𝛿𝜏(𝑥) 

is the extra time delay associated with the radar approaching and moving away from the target. 

 𝜏(𝑥) =
2𝑅𝑜
𝑐
+
2𝑅(𝑥)

𝑐
 (71) 

 𝑅(𝑥) = √𝑅𝑜2 + (𝑥 − 𝑥𝑜)2 (72) 

where 𝑥 is the along-track distance and 𝑥𝑜 is the target location. A return from a target at an 

assigned slant range and along-track position can be simulated using Equations (71) – (73). 

 𝑣𝐼𝐹(𝑡) = 𝐾𝐴𝑜𝑒
𝑗(𝛼𝜏𝑡+𝜔𝑜𝜏−

𝛼
2
𝜏2)

 (73) 

Multiple targets can be simulated similarly by summing the received signals from multiple 

simulated targets. Gaussian white noise is added to the simulated signal with an SNR of 40 dB, 

and then the simulated signals are focused using the processing code. 

Figure 38 shows the first simulated return before and after focusing. This case simulates a 

single target at a 100 m slant range in the center of the aperture. All simulation parameters are 

configured to match a 600 MHz sub-band in the actual radar, with a chirp rate of 𝛼 = 2𝜋 × 1012 

rad/s, or 1 GHz/ms. Zero padding is applied with a factor of 8. The point target return takes the 

form of a hyperbola as the simulated radar traverses past the target, with the nearest approach at 

the aperture center. The right half of the figure shows the focused result. The hyperbola has been 
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collapsed into a single point at the target location, showing that the focusing algorithm works 

well for a single point target in a single aperture. 

 

Figure 45. Single-aperture simulation results of a single target at a 100 m slant range centered in 

the aperture, before (left) and after (right) focusing. 

Figure 46 shows a detailed view of the focused point target. This figure clearly shows the 

focusing algorithm performing well for this target. The range sidelobes are at -32 dB relative to 

the peak, as expected when using a Hanning window. In the focused image, the peak associated 

with the target is the only signal greater than 30 dB below the maximum value. A desired along-

track resolution 𝛿𝑎 of 0.5 m is specified in this simulation. At 0.25 m along-track distance on 

either side of the aperture center where the target is located, the signal is about 3 dB below the 

peak, confirming the relationship between the along-track resolution and aperture length. At 2𝛿𝑎, 

the signal is about 6 dB lower than the peak, which corresponds to about 25% of the peak power. 
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Figure 46. Contours of the focused simulated return of a point target, as produced by the 

focusing algorithm. 

Multiple targets are simulated in the same manner as the single point target. The 

simulated returns from multiple targets are added to give the total simulated return. Four point 

targets are simulated at various along-track locations and various slant ranges. Figure 47 shows 

the simulated return from four point targets before and after focusing. The focused result shows 

the four distinct point targets at their specified location. The two off-center targets have returns 

lower in magnitude than the center targets despite having specified the same amplitude for all 

targets. Note that the range of the color scale has increased from 3 dB to 12 dB to be able to see 

the left-most target. Windowing in azimuth has resulted in a lower amplitude signal off-center. 

This result demonstrates the importance of using a COLA routine in obtaining backscatter 

measurements. 
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Figure 47. Single-aperture simulation results of four targets before (left) and after (right) 

focusing. 

The simulation is also run over a much longer 100 m along-track distance to test the 

ability of the processor’s overlap and add functionality. When 𝛿𝑎 = 0.5 m, the aperture length of 

this simulated scenario is 27.1 m. Overlapping by 50% means seven overlapping apertures are 

needed to capture the entire 100 m line. Figure 48 shows the simulated return of the 100 m line 

with five point targets spread over 40 m at a constant range. The unfocused returns interact with 

one another where the hyperbolas cross. The focused output shows all five targets resolved with 

a similar magnitude. 
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Figure 48. Focused echogram of a simulated image of multiple targets using multiple 

overlapping apertures. 

5.2.8 Pixel Geolocation 

Each pixel in the produced data is mapped to latitude, longitude, and altitude. This step is 

important as it allows the backscatter measurements to be matched with in situ measurements. 

First, the range to the surface, ℎ, is determined in the focused data using the same manual surface 

detection algorithm initially used to find the surface index during motion compensation. 

Subtracting the surface range from the radar platform altitude estimates the terrain elevation. 

This is a first-order approximation because it does not account for any terrain angle. However, 

the approximation is sufficient for small terrain angles. Targets closer than the surface are 

assumed to be directly beneath the platform, with the same latitude and longitude as the 

platform, and at an elevation 𝑥𝑧,𝑡 = 𝑥𝑧,𝑝 − 𝑅, where 𝑥𝑧,𝑡 is the z-coordinate of the target, and 𝑥𝑧,𝑝 

is the z-coordinate of the platform. Targets farther than the surface range are on the ground a 

distance away from the platform in the cross-track direction. 

The Pythagorean theorem gives the cross-track distance of a surface target, 
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 𝑥𝑐𝑡 = √𝑅2 − ℎ2 (74) 

where ℎ is the distance from the radar to the surface, and 𝑅 is the slant range from the radar to 

the target. The overall bearing 𝜓 of the flight path is determined by taking the heading from the 

first point in the line to the last point in the line. The north and west components of the cross-

track distance are 

 
𝑥𝑛 = 𝑥𝑐𝑡 sin𝜓 

(75) 

 
𝑥𝑤 = 𝑥𝑐𝑡 cos𝜓 

(76) 

The north and west components of the cross-track distance can be converted into changes 

in latitude and longitude by using an approximation to the Haversine equation used previously. 

 
𝛿𝑙𝑎𝑡 =

𝑥𝑛
111111

 
(77) 

 
𝛿𝑙𝑜𝑛 =

−𝑥𝑤
111111 cos 𝑥𝑙𝑎𝑡,𝑝

 
(78) 

where 𝑥𝑙𝑎𝑡,𝑝 is the latitude of the radar platform, and 𝑥𝑛 and 𝑥𝑤 are given in meters. These 

latitude and longitude changes are then added to the radar coordinates to give 

 
𝑥𝑙𝑎𝑡 = 𝑥𝑙𝑎𝑡,𝑝 + 𝛿𝑙𝑎𝑡 (79) 

 
𝑥𝑙𝑜𝑛 = 𝑥𝑙𝑜𝑛,𝑝 + 𝛿𝑙𝑜𝑛 

(80) 

This approximation predicts the location to a few µm of the value given by the Haversine 

equation for all flights conducted as a part of this study. The approximation becomes less 

accurate with longer distances and at higher latitudes and altitudes. 
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5.2.9 Backscatter Coefficients 

To compute the volume backscatter coefficient, we start with the radar range equation for 

a point target at range 𝑅. The received power is given by 

 𝑃𝑟 =
𝑃𝑇𝐺𝑇(𝜃)𝐺𝑅(𝜃)𝜆

2𝜎

(4𝜋)3𝑅4
 (81) 

Assuming the target can be considered purely volumetric, 

 𝜎 = 𝜎𝑣
0𝑉 (82) 

where 𝑉 is the illuminated volume. In the SAR-processed case, the illuminated volume is pulse-

limited in range, aperture limited in azimuth, and beam limited in elevation. The volume is given 

by 

 𝑉 = 𝛿𝑎𝛿𝑒𝛿𝑟 =
𝛿𝑎𝑅𝛽𝑒𝑐

2𝐵
 (83) 

where 𝛿𝑎 is the along-track resolution produced by the length of the synthetic aperture, 𝛿𝑒 = 𝑅𝛽𝑒 

is the beam-limited arclength of the wavefront in elevation, and 𝛿𝑟 = 𝑐/2𝐵 is the range 

resolution of the radar. Equation (83) is valid for all data before the surface nadir response.  

For a SAR that is not fully focused, the along-track resolution is given by 

 𝛿𝑎 =
𝑘𝑅𝜆

𝐿𝑒𝑓𝑓
 (84) 

where 𝐿𝑒𝑓𝑓 is the effective aperture length, and 𝑘 is a factor that accounts for the window used to 

reduce sidelobes. For a synthetic aperture with a Hanning window applied, 𝑘 ≈ 0.44 ∗ 1.4 =

0.616. The effective aperture length is 
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 𝐿𝑒𝑓𝑓 = 𝑅𝛽𝑎 (85) 

where 𝛽𝑎 is the beamwidth over which the data are processed. The SAR range equation for a 

distributed target is given by 

 𝑃𝑟𝑑 =
𝑃𝑇𝐺𝑇(𝜃)𝐺𝑅(𝜃)𝜆

2𝜎𝑣
0

(4𝜋)3𝑅4
𝑘𝑅𝜆

𝐿𝑒𝑓𝑓
 𝑅𝛽𝑒

𝑐

2𝐵
 (86) 

This simplifies to 

 𝑃𝑟𝑑 = 𝑘
𝑃𝑇𝐺𝑇(𝜃)𝐺𝑅(𝜃)𝜆

3𝜎𝑣
0

(4𝜋)3𝑅2
𝛽𝑒
𝐿𝑒𝑓𝑓

𝑐

2𝐵
 (87) 

The range equation for a radar observing a calibration target with a radar cross-section 𝜎𝑐 

stationed at a range 𝑅𝑐 and at a ground track corresponding to an incidence angle 𝜃𝑐 is 

 𝑃𝑟𝑐 =
𝑃𝑇𝐺𝑇(𝜃𝑐)𝐺𝑟(𝜃𝑐)𝜆

2𝜎𝑐
(4𝜋)3𝑅𝑐

4
 (88) 

Given the known RCS of the calibration target 𝜎𝑐 – which is measured experimentally in 

an anechoic chamber (detailed in Section 5.2.10) – and knowing both the measured power 

received by the radar for the calibration target 𝑃𝑟𝑐 and the power measured for a distributed target 

𝑃𝑟𝑑, an expression for the backscatter coefficient 𝜎𝑣
0 after focusing can be derived.  

 
𝑃𝑟𝑑
𝑃𝑟𝑐

= 𝑘
𝑃𝑇𝐺𝑇(𝜃)𝐺𝑟(𝜃)𝜆

3𝜎𝑣
0

(4𝜋)3𝑅2
𝛽𝑒
𝐿𝑒𝑓𝑓

𝑐

2𝐵

(4𝜋)3𝑅𝑐
4

𝑃𝑇𝐺𝑇(𝜃𝑐)𝐺𝑟(𝜃𝑐)𝜆
2𝜎𝑐

 (89) 

 
𝑃𝑟𝑑
𝑃𝑟𝑐

=
𝑘𝛽𝑒𝑐𝜆

2𝐵𝐿𝑒𝑓𝑓

𝐺𝑇(𝜃)𝐺𝑟(𝜃)

𝐺𝑇(𝜃𝑐)𝐺𝑟(𝜃𝑐)

𝑅𝑐
4

𝑅2
𝜎𝑣
0

𝜎𝑐
 (90) 

Rearranging yields an expression for 𝜎𝑣
0 in terms of the other variables, all of which are known. 
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 𝜎𝑣
0 =

2𝐵𝐿𝑒𝑓𝑓

𝑘𝛽𝑒𝑐𝜆

𝑃𝑟𝑑
𝑃𝑟𝑐

𝐺𝑇(𝜃𝑐)𝐺𝑟(𝜃𝑐)

𝐺𝑇(𝜃)𝐺𝑟(𝜃)

𝑅2

𝑅𝑐4
 𝜎𝑐 (91) 

If the calibration target lies on the same ground track as the measurement, then 𝜃𝑐 = 𝜃, 

and Equation (91) reduces to  

 𝜎𝑣
0 =

2𝐵𝐿𝑒𝑓𝑓

𝑘𝛽𝑒𝑐𝜆

𝑃𝑟𝑑
𝑃𝑟𝑐

𝑅2

𝑅𝑐4
 𝜎𝑐 (92) 

In log scale, this becomes 

 𝜎𝑣
0 = 𝜎𝑐 + 10 log10

2𝐵𝐿𝑒𝑓𝑓

𝑘𝛽𝑒𝑐𝜆
+ 𝑃𝑟𝑑 − 𝑃𝑟𝑐 + 20 log10 𝑅 − 40 log10 𝑅𝑐 (93) 

 

The surface backscattering coefficient can be derived similarly. For a distributed planar target, 

 𝜎𝑠 = 𝜎𝑠
0𝐴 (94) 

where 𝐴 is the illuminated area. For surface measurements, the illuminated area is given by 

 𝐴 = 𝛿𝑎𝛿𝑐 = 𝛿𝑎
𝑐

2𝐵 sin 𝜃
 (95) 

Here, 𝛿𝑐 = 𝛿𝑟/ sin 𝜃 =  𝑐/2𝐵 sin 𝜃  is the pulse-limited cross-track resolution. This is 

simply the range resolution projected onto the horizontal surface at an angle of incidence. By 

substitution, Equation (81) becomes 

 𝑃𝑟𝑑 =
𝑃𝑇𝐺𝑇(𝜃)𝐺𝑅(𝜃)𝜆

3𝜎𝑠
0

(4𝜋)3𝑅3
𝑘

𝐿𝑒𝑓𝑓

𝑐

2𝐵 sin 𝜃
 (96) 

Dividing Equation (96) by Equation (88) gives 
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𝑃𝑟𝑑
𝑃𝑟𝑐

=
𝐺𝑇(𝜃)𝐺𝑅(𝜃)𝜎𝑠

0𝑅𝑐
4

𝐺𝑇(𝜃𝑐)𝐺𝑅(𝜃𝑐)𝜎𝑐𝑅3
𝑘𝜆

𝐿𝑒𝑓𝑓

𝑐

2𝐵 sin 𝜃
 (97) 

Rearranging for 𝜎𝑠
0 gives 

 𝜎𝑠
0 =

𝑃𝑟𝑑
𝑃𝑟𝑐

𝑅3

𝑅𝑐4
2𝐵𝐿𝑒𝑓𝑓 sin 𝜃

𝑘𝑐𝜆

𝐺𝑇(𝜃𝑐)𝐺𝑅(𝜃𝑐)

𝐺𝑇(𝜃)𝐺𝑅(𝜃)
 𝜎𝑐  (98) 

Equations (92) and (98) are expressions for the volume and surface backscatter 

coefficients computed using a synthetic aperture radar. It is important in practice to use the 

correct data to calibrate against. Because the calibration target is a point target, the calibration 

target power is taken as the peak return of the calibration target in the focused data. 

5.2.10 Calibration 

Careful radar system calibration is necessary to estimate the backscatter a target returns 

accurately. In many applications, the specular return from a smooth body of water can be used 

for calibration. However, not every test site has a nearby body of water large enough for 

calibration purposes, and water surface smoothness is subject to environmental conditions such 

as wind and the presence of ice. Therefore, it is convenient and more reliable to use a calibration 

target such as a corner reflector with a known radar cross-section (RCS) for calibration. 

Two triangular trihedral corner reflectors were designed and manufactured. Figure 49 

shows a diagram of a trihedral corner reflector with side length 𝑎. The corner reflectors 

fabricated for this project have side lengths of 45 and 98 cm. The 98 cm reflector is the primary 

target used for calibration. The 45 cm reflector serves both as a backup calibration target and as a 

validation target to ensure the calibration and backscatter calculation are correct. Both reflectors 

are made of aluminum sheets, with extruded aluminum angle brackets holding the exterior of 

each corner together. The sides can be removed individually to ease transportation. 
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Figure 49. Triangular trihedral corner reflector geometry. 

The radar cross-section (RCS) of the calibration targets must be precisely measured. An 

anechoic chamber, a vector network analyzer (VNA), an antenna, and a second calibration target 

of known RCS are used to perform the measurements. Measurements were made in an anechoic 

chamber. 

A single antenna is mounted on a non-metallic stand toward one end of the anechoic 

chamber, and a target is mounted on its stand opposing the antenna. The VNA is configured to 

measure from 1-8 GHz using 1601 points and an IF bandwidth of 100 Hz. The VNA is then 

calibrated for 𝑆11 measurement at the end of the cable that connects to the antenna. The 

measurements in this work were made using the same transmit antenna used to make the field 

measurements. 

𝑆11frequency-domain measurements are collected with the corner reflector positioned 

about 10 m away from the antenna. The corner reflector is then replaced with a sphere of known 
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diameter that serves as a reference, and the measurement is repeated. A final measurement is 

made of an empty chamber. 

In principle, the RCS of a corner reflector is determined by subtracting the measured 

𝑆11of a target with known RCS from the measured 𝑆11of the corner reflector. The collected 𝑆11 

measurements contain only positive frequencies, so the data are mirrored. A Kaiser window is 

applied to each half of the mirrored data, and an inverse FFT produces the time-domain signal.  

A time gate is applied to isolate each target. Gating is achieved by using a custom 

window, created by prepending and appending one-half of a Hanning window to a boxcar 

window to reduce edge effects. The time gate differs for each target due to the difficulty of 

positioning the corner reflector and sphere at the same position relative to the antenna in 

sequential measurements, so the measurement is range-compensated. 

 𝜎𝑡(𝑑𝐵𝑠𝑚) = 𝑆11𝑡 − 𝑆11𝑐 + 𝜎𝑐(𝑑𝐵𝑠𝑚) − 10 log10 𝑅𝑐
4 + 10 log10 𝑅𝑡

4  (99) 

where 𝑆11 is the measured frequency response after time gating, 𝜎 is the RCS, and 𝑅 is the one-

way distance from the target to the antenna. The subscripts 𝑡 and 𝑐 represent the target of interest 

and calibration target, respectively. The theoretical RCS of a sphere is its cross-sectional area. It 

is independent of angle of incidence, and it is independent of frequency if 𝜆 ≪ 𝑅 and 𝜆 ≪ 𝑟𝑠. 

 𝜎𝑠 = 𝜋𝑟𝑠
2  (100) 

In Equation (99), 𝜎𝑐 is in log scale, with 

 𝜎𝑐 = 10 log10 𝜎𝑠   (101) 

The theoretical RCS of a triangular trihedral corner reflector varies with both orientation 

and frequency. 
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 𝜎𝑡𝑟𝑖 =
4𝜋𝑎4

𝜆2
⋅

{
 
 

 
 (

4𝑐1𝑐2
𝑐1 + 𝑐2 + 𝑐3

)
2

𝑐1 + 𝑐2 ≤ 𝑐3

(𝑐1 + 𝑐2 + 𝑐3 −
2

𝑐1 + 𝑐2 + 𝑐3
)
2

otherwise

  (102) 

Here, 𝑎 is the length of the shared triangle edges and the constants 𝑐1, 𝑐2, and 𝑐3 are 

defined as 

 {

𝑐1
𝑐2
𝑐3
} = sort {

sin 𝜃𝑒
cos 𝜃𝑒 sin 𝜃𝑎
cos 𝜃𝑒 cos 𝜃𝑎

}  (103) 

such that 𝑐1 ≤ 𝑐2 ≤ 𝑐3. 

The measured and theoretical RCS of the large and small corner reflectors are shown in 

Figure 50 and Figure 51 below. The measurements agree with the theoretical values for the small 

45 cm corner reflector. However, the larger 98 cm corner reflector is 2-4 dB below the 

theoretical value. This is likely caused by the sides not being perfectly orthogonal. The 

difference between the measured and theoretical RCS is a source of error in calibrating 

backscatter measurements, particularly at the upper end of the frequency band. 
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Figure 50. Measured and theoretical RCS of the 45 cm triangular trihedral corner reflector. 

 

Figure 51. Measured and theoretical RCS of the 98 cm triangular trihedral corner reflector. 
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Contours of the theoretical RCS versus azimuth and elevation angles are shown in Figure 

52 and Figure 53. The maximum RCS occurs at an azimuth angle of 45 deg. and elevation angle 

of 35.26 deg. The theoretical maximum value for the 45 cm reflector is 9.1 dBsm, and the 

theoretical maximum value for the 98 cm reflector is 22.5 dBsm. The figures below show that 

the elevation and azimuth angles can be off by several degrees and remain within 1 dB of the 

maximum theoretical value. 

 

Figure 52. RCS contours for the 45 cm (18 in) triangular trihedral corner reflector versus elevation 

and azimuth angles.  
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Figure 53. RCS of the 98 cm (39 in) triangular trihedral corner reflector versus elevation and 

azimuth angles. 

5.3 Data Collection Methodology 

Data collection for this project involves careful planning with specific processing goals in 

mind. SAR processing is necessary to produce the desired results with fine spatial resolution. 

Specifically, a side-looking SAR configuration is used because the finite cross-track antenna 

beamwidth results in measurements dominated by the return on one side of the ground track, as 

well as an unambiguous mapping of an individual data pixel to a position in space.  

5.3.1 Data Collection 

The UAS has demonstrated its ability to maintain course within 1 m of a commanded 

trajectory. With a processing code that can produce results in hours or even minutes, the 

remaining difficulty lies in correlating the backscatter measurements with in-situ measurements.  

The key benefit of using an sUAS over crewed aircraft and satellites is the ability to 

operate at much lower altitudes and collect fine-scale measurements. The low-altitude operation 
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presents many difficulties that are not generally challenges in larger-scale measurements. 

Historically, studies involving airborne and satellite-based sensors use a few in-situ 

measurements made over large areas. A low spatial resolution of in-situ measurements is 

acceptable when the pixel size is on the order of kilometers, such as SMOS and SMAP. 

However, the objective of sUAS-based sensors is to measure soil moisture with a spatial 

resolution on the order of meters. When making fine-scale measurements with radar, the in-situ 

measurements must also reflect those fine-scale variations in soil moisture. Several 

considerations must be made for in-situ measurements to support the validation of an sUAS-

based soil moisture radar. 

5.3.1.1 In-situ Measurement Accuracy 

The in-situ measurements must accurately represent the soil moisture over the intended 

radar output pixel size. The Teros12 probe used in this study lists a stated uncertainty of ± 0.03 

m3/ m3. Considering that 3% volumetric water content (VWC) corresponds to approximately 

12% of the total expected range (from dry at about 15% to saturated at about 40%), this 

uncertainty is unacceptable as a ground truth measurement. Ideally, the soil moisture should be 

known within 0.5% VWC, which corresponds to about 1dB in backscatter error, based on results 

in the literature and results obtained as a part of the current study. 

To achieve this accuracy, it is necessary to take the mean of several samples within a 

small area. By taking the average of several points, inaccuracies are averaged out. Two metrics 

describe the spread of values in the data. The standard deviation is a measure of the amount of 

variation in the data samples. If a normally distributed measurement is collected, there is a 68% 

probability of that data point falling within one standard deviation of the mean. The standard 

error (SE) of the mean is a measure of the variation in the mean of multiple sets of data. If 
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another set of data is collected, there is a 68% probability that the mean of that set falls within 

one SE of the mean. The standard error of the mean is related to the standard deviation by 

 𝑆𝐸 = 𝜎/√𝑁 (104) 

where 𝜎 is the standard deviation and 𝑁 is the number of samples. This assumes that the soil 

moisture and probe error variations follow a Gaussian distribution. 

An analysis is conducted on a real dataset collected in the field to determine the 

appropriate number of samples to collect. In-situ measurements are collected over a 25 ft. long 

straight line, with measurements spaced 6 in. apart. The Teros12 probe is inserted into the soil 

vertically, and values are recorded from the readout of the handheld data logger. The data 

statistics are shown in Table 6. Soil moisture measurements are assumed to follow a Gaussian 

distribution for this analysis. Observations from the field support this assumption. 

Table 6. VWC data statistics. 

Parameter Value 

Samples, N 50 

Mean, 𝜇 0.096 m3/m3 

Minimum 0.069 m3/m3 

Maximum 0.136 m3/m3 

Standard Deviation, 𝜎 0.017 m3/m3 

Standard Error, SE 0.002 m3/m3 

 

Subsets of the collected data are analyzed. The mean, standard deviation, and SE are 

computed for the first 𝑀 measurements, for a range of 𝑀. Figure 54 shows how these metrics are 
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affected by the number of samples in the dataset. As the number of included points increases, the 

standard error decreases. With 5 measurements, the standard error is below 1% for this data, and 

with 10 samples, the standard error is about 0.6%.  

 

Figure 54. Statistics of the first N consecutive in-situ measurements. 

A single dataset is insufficient to generalize, however. For this reason, this process is 

repeated for every set of 𝑀 consecutive measurements (e.g., for 𝑀 = 5, samples 1-5, 2-6, 3-7, 

etc.), and the standard errors are averaged to give a single SE for a given 𝑀. Figure 55 shows the 

mean SE versus the number of included samples. This analysis shows that taking the average of 

10 samples at each in-situ measurement point is sufficient to achieve a SE of 0.5% VWC. In 

other words, if 10 samples are averaged within a small area, the uncertainty of that average is 

approximately 0.5% VWC. 
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Figure 55. Standard Error vs. the number of measurements. 

A second data set is collected at a different site – outside the Bevill building on the UA 

campus – the day after a rainfall event, with 16 measurements collected within a one-meter 

square. The same analysis is conducted as in the previous example, and the results are similar, 

with the standard error decreasing with an increase in the number of points, as shown in Figure 

56. Taking 10 samples gives a standard error of about 0.3% VWC. The second dataset's lower 

standard error indicates that site-specific parameters such as variations in soil composition 

should be considered when planning measurements. This shows that this analysis must be 

conducted on-site before collecting field measurements to ensure enough data is collected over 

the integration region. 
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Figure 56. Standard Error vs. the number of measurements following a rainfall event. 

One key point to note is that each of these analyses is conducted using a single data set 

from one day. This analysis should be performed every day in-situ measurements are to be 

collected until sufficient data has been collected to determine the best practice for a specific site. 

5.3.1.2 In-situ Measurement Location 

One difficulty encountered in field deployments is precisely, efficiently, and repeatably 

locating in-situ measurements. To mitigate this, measurement locations should be determined 

before flight operations. The first and last measurement of the desired ground track is determined 

visually by ground personnel, ensuring that the straight-line path is free of obstacles and 

unwanted vegetation. The precise locations of the first and last in-situ measurements are 

determined using a high-precision handheld GPS receiver. Intermediate points are then computed 

based on the first and last point and the desired spacing. Each location is then marked with a 

marker that can be easily found over a multiple-day campaign for repeated measurements. 

Marker suggestions include field paint or chalk, wooden stakes, and marker flags. Pre-marking 
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the measurement locations greatly reduces the burden of in-situ data collector personnel and 

increases the speed at which measurements can be made. This process is necessary for collecting 

hundreds of data points daily with limited personnel. 

Another challenge faced with locating in-situ measurements is related to terrain elevation 

changes. Consider an sUAS that starts at an altitude of 100 m AGL, following a ground track 

with the desired incident angle of 20° off-nadir. If the terrain decreases in elevation by 10 m and 

the aircraft maintains a constant MSL altitude, the aircraft is then at 110 m AGL. The resulting 

incident angle of a target along the nominal ground track is 18.3°. Figure 57 shows the incident 

angle of a point target along the planned ground track as a function of changes in the terrain 

elevation at the point target location. As the terrain descends (AGL altitude increases), the 

incident angle of the ground track decreases. The inverse is true for ascending terrain. 

 

Figure 57. Effect of changes in terrain elevation on the incident angle of measurements. 

This analysis yields an objective method of determining the appropriate incident angle 

range to average over when integrating the backscatter over an area. Consider a line of in-situ 

measurements on a target ground track. Radar measurements are collected for the line, with 

constant altitude above sea level and at a planned incident angle, 𝜃0. The terrain elevation, 𝑧, 
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varies over the length of the line, with a maximum of 𝑧𝑚𝑎𝑥 and minimum of 𝑧𝑚𝑖𝑛. The planned 

altitude above the ground track is ℎ0. The minimum and maximum incident angles can be 

determined from the geometry. 

 𝜃𝑚𝑖𝑛 = atan (
ℎ0 𝑡𝑎𝑛 𝜃0
ℎ0 − 𝑧𝑚𝑖𝑛

) (105) 

 𝜃𝑚𝑎𝑥 = atan (
ℎ0 𝑡𝑎𝑛 𝜃0
ℎ0 − 𝑧𝑚𝑎𝑥

) (106) 

This gives an expression for the range of incident angles expected for terrain with a 

known minimum and maximum elevation. 

 Δ𝜃 = atan (
ℎ0 𝑡𝑎𝑛 𝜃0
ℎ0 − 𝑧𝑚𝑎𝑥

) − atan (
ℎ0 𝑡𝑎𝑛 𝜃0
ℎ0 − 𝑧𝑚𝑖𝑛

) (107) 

This expression can help determine whether the in-situ measurements will fall within the 

desired range of incident angles. Whether compensation is needed depends on the platform 

altitude, desired incident angle, and desired swath width. The local terrain angle is also useful 

information when analyzing the data. Knowledge of the local along-track and cross-track terrain 

angles can help explain anomalies in the data. It will also help improve the correlation between 

backscatter and soil moisture by enabling compensation for the incident angle.  

5.3.1.3 Obstruction Considerations 

Flat, open areas are ideal for measuring soil moisture because tall obstacles and 

volumetric targets influence the measurements. Figure 58 shows an example of measurements 

being collected in an open area with nearby obstructions. Obstructions near the platform can 

potentially obstruct the target. If the line of sight to the target is obstructed, volume targets will 

attenuate the signal. Obstructions on the far side of the swath present a different challenge. 
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Obstructions on the opposite side of the swath are more constraining than those on the close side. 

An obstacle on the far side must have no point within the farthest range of interest to ensure the 

energy returned from the obstruction does not interfere with signals from targets within the 

swath. Both situations can be prevented by defining a buffer between obstructions and the 

desired swath. 

 

Figure 58. The geometry of the required buffer between the measurements and nearby 

obstructions. 

The required buffer width on either side of the swath can be determined based on the 

height of the obstructions. Consider a radar operating at ℎ meters above the surface with a 

pointing angle of 𝜃, and a swath defined by 𝜃 ± 𝜃𝑠, where 𝜃𝑠 is one half of the angular extent of 

the swath relative to the pointing angle. The required width of the buffer between the swath of 

interest and an obstacle of height ℎ𝑜 is simply 
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 𝑤𝑛𝑒𝑎𝑟 = ℎ𝑜 tan(𝜃 − 𝜃𝑠) (108) 

A target at the far edge of the swath of interest will have a slant range of 

 𝑅𝑚 =
ℎ

cos(𝜃 + 𝜃𝑠)
 (109) 

An obstacle of height ℎ𝑜 on the far side of the swath of interest will not interfere with the radar 

measurements within the swath if the circle with a radius 𝑅𝑚 centered on the radar does not 

include any portion of the obstacle. The required horizontal distance between the radar platform 

and an obstacle of height ℎ𝑜 is therefore given by 

 𝑥𝑐𝑡,𝑜𝑏𝑠 = √𝑅𝑚2 − (ℎ − ℎ𝑜)2 (110) 

The minimum distance between the obstacle and the far edge of the swath of interest is thus 

 𝑤𝑓𝑎𝑟 = √𝑅𝑚2 − (ℎ − ℎ𝑜)2 − ℎ𝑜 tan(𝜃 + 𝜃𝑠) (111) 

Using these relations, flight lines can be planned to avoid vegetation. Figure 59 shows the 

minimum required distance from a planned line of interest to obstructions of various heights on 

either side of the line. Here, the line of interest is typically a line of in-situ measurements used to 

validate the radar. Note the desired incident angle range of 17-23° and the radar operating height 

of 100 m AGL. With no obstructions, the swath extends about 6 m on either side of the line of 

interest. Making measurements between 30 m obstructions such as trees requires at least 61.7 m 

between obstacles, with the line of interest located 15.3 m from the obstacle nearest the radar. In 

this example case, the radar is at a position of -36.4 m relative to the line of interest. 
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Figure 59. Required obstruction-free region versus obstruction height. 

5.3.1.4 Range of In-situ Measurements 

A Monte Carlo simulation is conducted to analyze the impact of measurement uncertainty 

on the slope of a regression line. For this analysis, it is assumed that the nominal backscatter is 

related to the volumetric water content of the soil by 

 𝜎0(𝑑𝐵) = 𝑚 ⋅  𝑉𝑊𝐶 + 𝑏 (112) 

where 𝑚 = 50 is the sensitivity of the radar and 𝑏 = −15 is a bias that is accounted for 

during calibration. In the Monte Carlo simulation, both backscatter and in-situ measurements are 

assumed to follow a normal distribution centered around the nominal values, with standard 

deviations of 𝑠𝜎 = 0.02 ⋅ 𝑚 and 𝑠𝑉𝑊𝐶 = 0.01 to reflect the expected uncertainties. In all cases, 

the minimum nominal VWC is 0.1 m3/m3, and the maximum varies from 0.15 to 0.4 m3/m3. The 

number of measurements, 𝑁, varies from 4 to 16 points in increments of 2. For each combination 

of 𝑁 and maximum nominal VWC, 10,000 random draws are conducted, and the slope is 

computed. The standard deviation of the slopes produced from the random draws is shown in 
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Figure 60. The figure clearly shows the benefit of collecting data over a wide range of soil 

moisture values. The standard deviation of the regression slope decreases with the range of soil 

moisture values and an increasing number of measurements, although the number of 

measurements has less of an impact than the range of soil moisture. 

 

Figure 60. Slope standard deviation vs. VWC measurement range. 

The uncertainties in the in-situ and backscatter measurement necessitate a wide range of 

soil moisture values to fit a regression. A wide range of soil moisture values can be 

accomplished by using equipment that can wet the soil over the field of operation, performing 

measurements after a rain event, or selecting a site with wet and dry areas. The latter approach is 

taken in our field operations. 

Rondinelli et al. [58] provide data and an empirical model for the drying rate for soil in 

the South Fork Iowa River watershed. Figure 61 shows the drying rate of the soil at different 

times of the year. The late spring and early summer drying rates are higher than in later months 

because the rainfalls resulted in greater soil moisture content, indicating heavier rainfall events. 
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This is visible in Figure 62. Drying rates immediately following a soaking rainfall are as high as 

0.08 m3/m3 per day and taper off to around 0.02 m3/m3 per day. The study shows that it takes 

about 10 days for the in-situ soil moisture measurements to decrease from 0.4 m3/m3 to 0.2 

m3/m3. SMOS showed a decrease from 0.4 m3/m3 to 0.1 m3/m3 over the same 10-day period. 

 

Figure 61. Drying rate vs. time since last rainfall, as presented in Rondinelli et al. [58] 
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Figure 62. Soil moisture and precipitation vs. day of year, from Rondinelli et al. [58] 

 

Figure 63. Soil moisture vs days since rainfall, from Rondinelli, et al. [58] 
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5.3.1.5 Planning 

The recommended procedure for collecting measurements is described here for reference. 

First, monitor the forecast. Ideally, measurements should be collected immediately following a 

heavy rain event and over at least five days without rain. While this is not always possible, 

immediately following heavy rain is ideal because the drying rate is the greatest. 

Before a heavy rain, the location of each in-situ measurement is marked using markers 

that will not move or disappear inadvertently, using the methodology presented above. 

Measurement locations should be located precisely using a high-precision GPS. The radar flight 

path and in-situ measurement locations are planned to coincide. A selection of in-situ 

measurements is collected before the rain at no fewer than three 1 m squares at different 

locations within the field. No fewer than 15 measurements are made in each 1 m square. 

Immediately following the rain, in-situ measurements are collected at the same locations 

measured before the rain to verify that the average soil moisture is great enough to yield an 

accurate regression, with anything above 35% being the target.  

Field measurements are collected at the pre-marked locations along the line(s) of interest. 

Pre-marked measurement locations enable rapid collection of repeated in-situ measurements 

throughout the campaign. In-situ measurements should be taken as frequently as possible to 

capture the drying rate accurately. By continuously monitoring the in-situ soil moisture 

measurements, flights can start with a relatively high frequency (e.g., every one or two hours) 

and decrease in frequency as the drying rate decreases. For example, flights can be conducted for 

every 1% drop in VWC. This practice can free up personnel to operate other systems, collect 

data on additional flight lines, or assist with in-situ measurements. 
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5.4 Results 

Radar and in-situ measurements have been collected at two different sites. Each site 

presents specific benefits and drawbacks  

5.4.1 UA Recreation Field 

The recreation field at The University of Alabama is a large open area with manicured 

grass of uniform height of less than 2 inches in height. The field appears flat to the eye, but there 

is a slight elevation rise when traversing from the west end of the field to the east. The field is 

located at 33.209754 N, -87.535474 W. Several tall, metal, pole-mounted lights are present to 

illuminate the field, and while the metallic nature of the poles does pose a couple of challenges 

for radar measurements, the light poles are spaced sufficiently far apart to allow measurements to 

be made between them. The recreation field is a suitable site for verifying the signal processing 

algorithms implemented in this work in the absence of notable vegetation. 

 

Figure 64. Aerial photo of the UA Recreation Field. 
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A flight is conducted in a rectangular pattern over the recreation fields, as shown in 

Figure 65. A line of in-situ measurements runs down the center of two adjacent fields. Several 

metal light poles measuring about 20 m tall are positioned around the field, and two are 

positioned between the two fields. The two corner reflectors are positioned in the eastern field 

along the line of in-situ measurements. The aircraft took off vertically from the starting position 

and climbed to an altitude of 100 m AGL before traversing to the beginning of the first line at the 

southwest corner of the field. A counter-clockwise rectangular pattern is then flown parallel to 

the line of in-situ measurements. The flight path was planned to align the antenna boresight with 

the in-situ line as the aircraft follows the nominal flight path. An error was made in setting up the 

waypoint file for the autonomous flight, so after the east-to-west traverse, the aircraft flew to the 

home waypoint before the second pass. This error does not affect the results because the north-

to-south pass is not used in any processing. After two complete passes, the aircraft returns to its 

home position and lands. 

 

Figure 65. Diagram of the actual flight path (yellow), ground track (white), and line of in-situ 

measurements (blue) at the UA recreation field. 
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The flight is divided into individual legs. Each leg is then processed independently using 

the algorithm detailed above in Section 5.2. In particular, the east-west leg nearest the parking lot 

is used because the corner reflectors are oriented 20° from zenith toward the parking lot to align 

them with the expected flight path of the sUAS. This leg is identified as EWe1 and EWe2 for the 

first and second pass, respectively. The lowercase “e” in this nomenclature indicates the 

eastward direction of travel. 

Figure 66 and Figure 67 show the focused echograms of the first and second passes, 

respectively. The large and small corner reflectors are visible as two point targets at a range of 

about 105 m in the right half of the images. The vertical stripe in the center of each image is 

associated with the light pole separating the two fields, as mentioned above. The color scale in 

these images is chosen to show details in the off-nadir soil returns, so the maximum and 

minimum values are beyond the extent of the scale. The focused return of the large calibration 

target measures -52.9 dBm for the first pass and -52.1 dBm for the second pass. The difference in 

the calibration target measurement between the two passes is minor. It can be attributed to slight 

differences in the flight trajectory, aircraft orientation, and calibration target orientation caused 

by environmental factors. 
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Figure 66. Focused echogram of the first pass of the UA recreation fields. 

 

Figure 67. Focused echogram of the second pass of the UA recreation fields. 

Beyond the similar point targets in each echogram, the measured power appears 

consistent between the passes, with nearly identical areas of high and low powers. This is 

Surface 

Corner Reflectors 

Light Pole Base 
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demonstrated more clearly in Figure 68, which shows the measured power of the row containing 

the calibration target, averaged over 5 m in the along-track direction. 

 

Figure 68. Measured power of the calibration target row of each pass of the UA recreation field. 

Noise in the radar data prevents using a single pixel when comparing backscatter to in-

situ measurements. There are numerous ways of averaging backscatter and/or in-situ 

measurements to improve the fit of a regression. In this work, both in-situ measurements and 

backscatter values are averaged over a specified region. The incident angle of each pixel of radar 

data is computed using the previously calculated geolocation information and the location of the 

radar platform. A mask is applied to each sweep based on a user-specified range, keeping only 

the data within the angular range of interest. For this case, the range of incident angles is 19∘ ≤

𝜃 ≤ 21∘. A second mask is applied in the along-track direction based on the along-track 

distance. Both masks are combined into a single mask, and the backscatter values are averaged 

based on the combined mask. In this case, the data is averaged over 8 m along-track distance 

increments, with no overlap between consecutive bins. This distance guarantees that each along-

track bin averages two in-situ measurement locations.  
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An illustration of the backscatter averaging scheme is shown in Figure 69. The area 

shaded green represents the ground swath within the desired incident angles, the blue area 

represents one along-track distance segment, and the yellow area represents the overlapping 

region over which the backscatter and in-situ values are each averaged. Note that the incident 

angle region boundaries are not necessarily straight lines. Any change in the AGL altitude of the 

aircraft will cause the lines of constant incident angle to deviate in the cross-track direction. 

 

Figure 69. Illustration of the backscatter coefficient averaging scheme. 

The surface backscatter coefficient can be visualized. Because the distance between the 

surface and the radar varies as the sUAS traverses the line, so does the cross-track distance for a 

given row of data. The cross-track distance from the ground track to each pixel in the radar data 

is computed using trigonometry and the previously-determined range to the surface. A uniformly 

spaced cross-track distance array is established, and the surface backscatter coefficient is 

interpolated onto that array for each chirp. A mean filter enhances the visual quality of the 

image, but this is only used for visualization. 
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Figure 70 and Figure 71 show the surface backscatter coefficient projected onto the 

surface. The color map used in these images does not include the full extent of values 

represented in this dataset. It was selected to enhance contrast in the region of interest. 

Specifically, the in-situ measurements should ideally be located at an incident angle of 20°, 

which corresponds to a cross-track distance of 36.4 m from the ground track, assuming the 

aircraft operates at 100 m AGL and flies a straight path. The nadir return is strong, as expected 

from the specular component of a typical return. Backscatter decreases with higher incident 

angles, which is consistent with the literature. 

 

Figure 70. Scaled image of the calibrated backscatter coefficient for the 3.7-4.3 GHz sub-band 

versus cross-track distance for the first pass of the UA recreation fields. 
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Figure 71. Scaled image of the calibrated backscatter coefficient versus cross-track distance for 

the second pass of the UA recreation fields. 

Comparing the mean backscatter versus incident angle curve in Figure 72 again reveals 

consistency between the two passes. For this comparison, the backscatter values are interpolated 

to fit a uniform spacing of incident angle, and the values are then averaged over multiple chirps. 

The relation between backscatter and incident angle is consistent with that found in the literature. 

Low incident angles produce specular, followed by a sharp initial drop as the return becomes less 

specular, followed by a wide linear region that extends to angles of more than 30°. The drop off 

in  backscatter at about 2.5° incidence angle is related to antenna pattern effects 

 

Figure 72. Mean backscatter versus incident angle for the recreation field data. 
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The backscatter is related to the soil moisture content using a linear regression based on 

the averaged values as described above. A line is fit to the resulting averaged data from each pass 

of the line corresponding to the in-situ measurements, and a third line is fit using data from both 

passes. Measurements near calibration targets and in line with light poles are omitted to avoid 

erroneous values.  The regression statistics for each pass and the combined passes are shown in 

Table 7. As the statistics show, the regressions of the two passes agree with one another, which is 

evidence that the measurements are repeatable. 

Table 7. Recreation field backscatter vs. soil moisture regression statistics. 

Statistic Pass 1 Pass 2 Both Passes 

Regression Slope (dB/cm3cm-3) 70.41 74.11 72.28 

Regression Intercept (dB) -30.43 -30.90 -30.67 

R2 0.65 0.66 0.66 

 

The averaged backscatter and soil moisture values and the lines of best fit are shown in 

Figure 73. This figure demonstrates the capability of the radar and processor used in this work to 

produce the backscatter measurements needed to measure soil moisture. The fit line slopes are 

consistent with values seen in the literature. One item of note is that the range of soil moisture 

values is limited to a range of 6% VWC. Soil moisture values typically vary in the range from 

about 15% VWC when dry to about 40% VWC at saturation. Conducting measurements over a 

wider range of soil moisture values will improve the confidence of the fit. 
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Figure 73. Backscatter versus soil moisture content at the UA recreation fields. 

Only the first sub-band results are presented in this chapter to keep the content of this 

chapter to a digestible length. All figures associated with other frequency sub-bands are provided 

in Appendix A. Further findings are apparent when comparing the results of the different sub-

bands. Figure 74 shows the backscatter versus incident angle for each frequency sub-band. The 

backscatter coefficient is greatest at low incidence angles, where the surface return is specular, 

and it decreases as the return becomes increasingly diffuse when the incidence angle increases. 

The sharp dip seen in the two highest sub-bands is a result of antenna beamwidth narrowing with 

higher frequencies. The antenna used in this study is intended for a radar operating from 2.5-4.5 

GHz. As such, the performance of the higher sub-bands is sub-optimal. 
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Figure 74. Comparison of the mean surface backscatter coefficient versus incident angle for each 

frequency sub-band. 

Figure 75 shows a comparison of the mean surface backscatter coefficient versus sub-

band center frequency for several incident angles. The backscatter response is relatively flat 

across the low- to mid-frequency spectrum, decreasing at higher frequencies. The decrease at 

higher frequencies results from the difference between the calibration target's ideal and measured 

radar cross-sections. Figure 51 shows the ideal and measured corner reflector RCS.  

 

Figure 75. Comparison of the mean surface backscatter coefficient versus sub-band center 

frequency for multiple incident angles. 
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Spatial filtering applied to the echogram and backscatter map shown in Figure 70 and 

Figure 71 reduces speckle and enhances the visual image quality. However, the ultra-wideband 

radar allows frequency diversity processing to reduce the speckle without spatial filtering. The 

measured power and calibrated backscatter for each sub-band are averaged together to reduce 

speckle. Coherent signals present in each sub-band remain while the noise reduces. The 

following results utilize frequency diversity by averaging the first four sub-bands (2.5-4.9 GHz), 

because the first four sub-bands span the optimal frequency range of the antenna and provide an 

approximately flat backscatter coefficient versus frequency curve, as shown in Figure 75. 

Figure 76 shows the echogram produced by the first sub-band (2.5-3.1 GHz) with no 

spatial averaging applied. Note the speckle in the image at ranges beyond the surface. The 

traditional method of reducing this speckle is to use spatial median or mean filtering to smooth 

the high and low values. Loss of fine detail in the image is a disadvantage of spatial filtering. 

Figure 77 shows the same echogram produced using frequency diversity, averaging the 

focused chirp data from the first four sub-bands (2.5-4.9 GHz). The image's visual enhancement 

is immediately noticeable as the speckle is noticeably reduced compared to the single sub-band 

case. Whereas the results with spatial averaging shown above in Figure 66 exhibit broadening in 

both range and azimuth, the frequency diversity results show much finer detail because spatial 

filtering is not performed. 
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Figure 76. Echogram of the Recreation Field site as measured by the first sub-band only, without 

spatial filtering. 

 

Figure 77. Echogram of the Recreation Field site as computed by averaging the results from the 

first four sub-bands, without spatial filtering. 
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The calibrated backscatter computed from the first four sub-bands (2.5-4.9 GHz) are also 

averaged to resolve additional detail. Figure 78 shows the calibrated backscatter from the first 

sub-band (2.5-3.1 GHz) on a 1:1 scale of along-track and cross-track distance. The figure 

essentially shows a map of the backscatter projected onto the surface, with the nadir ground track 

along the bottom of the figure as the radar traverses from left to right. Note that the speckle 

makes it difficult to distinguish some point targets in the image. Figure 79 shows the same 

backscatter map produced by averaging the calibrated backscatter data from each of the first four 

sub-bands (2.4-4.9 GHz). Some features are visible in this figure that are obscured by the speckle 

in the single sub-band image. 

 

Figure 78. Backscatter map of the Recreation Field site as computed by the first sub-band, without 

spatial filtering. 

 

Figure 79. Backscatter map of the Recreation Field site as computed by averaging the first four 

sub-bands, without spatial filtering. 
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Finally, a comparison of the backscatter versus soil moisture regression is shown in 

Figure 80. The regression from the single sub-band case gives an 𝑅2 of 0.6157, whereas the 

regression from the frequency compounded case gives an 𝑅2 of 0.7035. An increase in 𝑅2 

indicates that the fit is better when using frequency compounding than just using a single sub-

band.  

 

Figure 80. Comparison of backscatter coefficient versus soil moisture regression with and without 

frequency compounding. 

The results from the frequency compounding experiment show that it is advantageous to 

use frequency compounding to reduce speckle in situations where excess range resolution exists. 

This capability is one major advantage of sUAS-based radar over satellite-based systems and 

systems aboard crewed aircraft. Because sUAS fly at low altitudes, sUAS-based radar can 

transmit at power levels low enough to operate over frequency bands that would otherwise need 

to be notched. The ultra-wide bandwidth permits dividing the measurements into wider sub-

bands, thus allowing fine range resolution while also performing frequency compounding to 

reduce speckle. 
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5.4.2 Hidden Meadows Golf Course 

The second site of operation is the Hidden Meadows golf course in Northport, Alabama. 

The golf course contains long, straight, open areas with short grass. Soil moisture levels vary 

significantly over the site due to water features. The site also features a small pond. Based on 

aerial images obtained through various web-based maps, it appears this pond could be used as 

another source of verification for the radar calibration, but vegetation is present on the water 

surface at the time of the measurements in this study. The uncertainty of the backscatter through 

the vegetation makes the pond unsuitable as a calibration target. 

 

Figure 81. Aerial overview of the Hidden Meadows golf course site. 

A triangular flight pattern is designed such that each leg of the flight passes over features 

of interest, including the pond and known wet and dry areas. The site presents a wide range of 

soil moisture content, from a minimum of 12% to a maximum of 49%. The wide range helps 

produce a robust regression. The aircraft starts the traversal in the southeast corner of the triangle 
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and progresses counterclockwise until it returns to the starting position. The antenna is aligned at 

20° from nadir toward the left side of the aircraft (toward the center of the triangle). The nominal 

flight path is shown in Figure 81 in yellow, and the boresight ground track is shown in white. 

The flight paths are designed such that the aircraft need only rotate to a new heading after each 

leg. This significantly decreases the transition time between legs, allowing more time on target. 

In-situ measurements are collected in clusters of 9 points in a plus-shaped pattern, as 

shown in Figure 82. Each cluster contains 9 points arranged in a plus shape, with a spacing of 1 

ft between individual measurements. The individual measurement points are marked in the field 

to allow for rapid, repeatable measurements during the campaign. With nine points in each 

cluster, the maximum standard error of the mean for any given cluster at any point in time is 

1.2%. Nearly all clusters have a standard error of the mean that is consistently less than 1%. The 

mean of all standard errors ranges from 0.58% to 0.75%, depending on the time and date of data 

collection. 

 

Figure 82. The pattern of individual in-situ measurements within each in-situ cluster. 
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The calibration target is situated at the west corner of the flight path at the intersection of 

two boresight ground tracks. This location is selected because it is an area removed from most of 

the measurements, and it is sufficiently far from the end of the leg to avoid the aperture edge 

effects in SAR processing. 

Figure 83 shows the estimated backscatter coefficient versus in situ soil moisture 

measurements for one flight at the Hidden Meadows golf course. These results show a similar 

slope and offset for each sub-band.  
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Figure 83. Estimated backscatter coefficient versus in situ soil moisture measurement for 

multiple sub-bands from July 14, 2022, flight 1 at the Hidden Meadows Golf Course, shown with 

linear regression line. 

Figure 84-Figure 86 show echograms of all three lines over the Hidden Meadows site 

using the first three sub-bands of data. Distinct wet and dry features are immediately apparent in 

the images as dark and light areas. In line 1, the large dark patch in the center of the along-track 
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is the wet area indicated in Figure 81. The small targets shown at the left side of the echogram 

are some small mounds in the terrain. The paved path can also be seen as a light-colored line just 

left of the center, starting from the surface and extending down and to the left. Because the path 

is paved, the return is more specular than the surrounding soil, resulting in a stronger nadir return 

where the radar traverses over the path and a weaker return as the incident angle increases. 

 

Figure 84. Echogram produced from the first three sub-bands over Hidden Meadows line 1, 

averaged over 8m in the along-track and 1m in range. 

Figure 85 shows the measured power for Line 2. This line contains the calibration target, 

seen at the right-hand side of the image, and it also contains the pond. Ordinarily, a smooth water 

surface would give a specular return, with received power dropping off sharply as the incident 

angle increases. However, a layer of vegetation at the water surface at the time of data collection 

diffuses the signal and gives a return that is nearly uniform with the incident angle.  
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Figure 85. Echogram produced from the first three sub-bands over Hidden Meadows line 2, 

averaged over 8m in the along-track and 1m in range. 

The echogram from Line 3 is shown in Figure 86. Of the three figures, this line shows the 

best detail of many features. Starting from the left side of the image, the calibration target can be 

seen near the surface return, although the target is aligned for use with Line 2. Further down the 

image, the pond can be seen at a large incident angle, and the stream flowing out of the pond to 

the south can be seen extending up to the nadir return, where some 3-4 m tall vegetation exists. 

The flight path parallels the paved path, which can be seen at the bottom of the image, including 

where the path crosses the stream near the pond. A second wet area crosses the path toward the 

bottom right side of the image. That wet area leads off the bottom of the image to the wet area 

identified in Figure 81. 
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Figure 86. Echogram produced from the first three sub-bands over Hidden Meadows line 3, 

averaged over 8m in the along-track and 1m in range. 

Figure 87-Figure 89 show the estimated backscatter for each of the three lines, scaled 

with equal axes to give a top-down view of the results. These images are essentially what one 

would see looking out the left window while riding on an aircraft as it flies from left to right 

along the bottom of the image. They clearly show the same details mentioned above in a much 

more intuitive format. These figures demonstrate the feasibility of mapping the soil moisture 

over a wide swath. With 100 m swaths, a field can be mapped quickly. The images can be 

overlaid on an aerial photo to help data users identify wet and dry areas in a field. 

In all the echograms, some vertical columns are apparent. These artifacts result from 

digitizer errors that caused some columns to be bad or skipped altogether. While the processor 

eliminates bad columns, the artifacts are created when the along-track resampling algorithm 

interpolates to fill the gaps. Unfortunately, these effects are visible in every dataset. 
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Figure 87. Backscatter map vs cross-track distance, as measured using the first three sub-bands 

over Hidden Meadows line 1. The two dark vertical lines are related to digital system errors 

 

Figure 88. Backscatter map vs cross-track distance, as measured using the first three sub-bands 

over Hidden Meadows line 2. 
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Figure 89. Backscatter map vs cross-track distance, as measured using the first three sub-bands 

over Hidden Meadows line 3. 

 

Figure 90. Backscatter vs soil moisture for the 7/13/22 flight, using the first three sub-bands and 

8 m along-track averaging. 

Figure 90 shows the estimated backscatter using the first three sub-bands versus in-situ 

soil moisture for the flight conducted on 7/13/2022. The in-situ measurements vary by nearly 30 

percentage points for this flight, providing a good basis for regression. A linear regression relates 

the backscatter measurements to ground truth soil moisture values. This relation is then applied 
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to the backscatter maps above, producing the fine-resolution soil moisture maps shown in Figure 

91 – Figure 93. These soil moisture maps culminate all data processing discussed in this 

dissertation. They represent the data product a customer needs for targeted water application to a 

field. These images show wet and dry areas of the field with spatial resolution on the order of a 

few meters, which far surpasses the resolution of spaceborne systems. 

 

 

Figure 91. Soil moisture map produced from backscatter estimates from the 7/13/22 flight, line 1 

data. 
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Figure 92. Soil moisture map produced from backscatter estimates from the 7/13/22 flight, line 2 

data. 

 

Figure 93. Soil moisture map produced from backscatter estimates from the 7/13/22 flight, line 3 

data. 

 



143 

 

The backscatter returned from a soil surface beneath a vegetation canopy is attenuated by 

the canopy. In the presence of tall vegetation such as trees, these effects can be seen in the form 

of radar shadows. Estimating the attenuation through the canopy enables us to correct the 

vegetation effects. With an understanding of the physics behind vegetation attenuation and an 

estimate for the attenuation of a signal at nadir – where we can be sure any surface return does 

not corrupt the signal – a correction can be applied to the surface scattering estimate to account 

for the effect of vegetation. This chapter details the estimation of and compensation for the 

vegetation effects, and it discusses the findings of this investigation. 

6.1 Estimation of Vegetation Effects 

Vegetation effects have been estimated historically by utilizing models. Perhaps the most 

prominent of these models is the water-cloud model developed by Attema and Ulaby [50]. These 

models assume that the vegetation is uniform from the top of the canopy down to the surface. 

However, with fine resolution, ultra-wideband radar data, and well-planned field operations, 

directly measuring and estimating the vegetation effects at a specific site is possible. 

For a point target, the radar range equation is given by 

 𝑃𝑟 =
𝑃𝑇𝐺𝑇𝐺𝑟𝜆𝜎

(4𝜋)3𝑅4
 (113) 

The extinction coefficient 𝐾𝑒 of a volume is the sum of the absorption coefficient 𝐾𝑎 and 

the scattering coefficient 𝐾𝑠 

6 PROPOSED METHOD FOR ESTIMATING AND COMPENSATING FOR 

VEGETATION EFFECTS 
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 𝐾𝑒 = 𝐾𝑎 + 𝐾𝑠 (114) 

For an isotropic distribution, 𝐾𝑠 = 𝜎𝑣
𝑏𝑎𝑐𝑘. For a Rayleigh distribution, 𝐾𝑠 =

3

2
𝜎𝑣
𝑏𝑎𝑐𝑘. A 

scattering model coefficient  𝐶𝑠 is herein defined to describe the scattering model such that 𝐾𝑠 =

𝐶𝑠𝜎𝑣
𝑏𝑎𝑐𝑘, with 𝐶𝑠 = 1 for an isotropic distribution, and 𝐶𝑠 = 3/2 for a Rayleigh distribution. In 

the following equations, Ulaby and Long [59] define 𝜎0 as the scattering coefficient (scattering 

cross section per unit area), and 𝜎𝑣
𝑏𝑎𝑐𝑘 as the volume backscattering coefficient (scattering cross 

section per unit volume). The same terminology is employed here to avoid confusion. The single 

scattering albedo is defined as 

 
𝑎 =

𝐾𝑠
𝐾𝑒

 
(115) 

By substitution,  

 
𝐾𝑎 = (1 − 𝑎)𝐾𝑒 

(116) 

For a volume target, we can therefore write 

 
𝐾𝑒 = (1 − 𝑎)𝐾𝑒 + 𝐶𝑠𝜎𝑣

𝑏𝑎𝑐𝑘 
(117) 

Rearranging for 𝐾𝑒 yields 

 𝐾𝑒 =
𝐶𝑠
𝑎
𝜎𝑣
𝑏𝑎𝑐𝑘 (118) 

The attenuation caused by a layer of vegetation is 

 𝛾2 = 𝑒−2𝐾𝑒(𝑧)𝛿𝑧 sec𝜃 = 𝑒−2𝐶𝑠𝑎
−1𝜎𝑣

𝑏𝑎𝑐𝑘𝛿𝑧 sec𝜃 (119) 

Note that as 𝑎 becomes smaller, the signal becomes more attenuated for a given 

backscatter value. A scattering distribution normalized albedo parameter 𝐶𝑎 = 𝑎/𝐶𝑠 can then be 
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defined to capture both the albedo and scattering distribution effects into a single value. 

Substitution of this parameter into (119) yields 

 𝛾2 = 𝑒−2𝐶𝑎
−1𝜎𝑣

𝑏𝑎𝑐𝑘𝛿𝑧 sec𝜃 (120) 

The following algorithm can be used to find 𝐾𝑒(𝑧) and the parameter 𝐶𝑎. 

Algorithm 1. Vegetation characterization 

Divide the volume into 𝑁 layers of uniform thickness, 𝛿𝑧 

Initially guess 𝐶𝑎 = 1 or 𝐶𝑎 = 3/2  

Compute 𝜎𝑣,𝑖
𝑏𝑎𝑐𝑘 for all layers of the vegetation 

Repeat 

For 𝑖 = 1,… ,𝑁 

Compute this layer’s attenuation, 𝛾𝑖
2 = exp(−2𝐶𝑎

−1𝜎𝑣
𝑏𝑎𝑐𝑘𝛿𝑧 𝑠𝑒𝑐 𝜃) 

Apply a correction to the next layer, 𝜎𝑣,𝑖+1
𝑐𝑜𝑟𝑟 = 𝜎𝑣,𝑖+1

𝑏𝑎𝑐𝑘∏ 𝛾𝑗
−2𝑖

𝑗=1  

Apply a correction to the calibration target, 𝜎𝑐
𝑐𝑜𝑟𝑟 = 𝜎𝑐

𝑚𝑒𝑎𝑠∏ 𝛾𝑗
−2

𝑗  

Update the guess of 𝐶𝑎 

Until the calibration target RCS converges, |𝜎𝑐
𝑐𝑜𝑟𝑟 − 𝜎𝑐

𝑐ℎ𝑎𝑚𝑏𝑒𝑟| ≤ 𝜖𝑡𝑜𝑙 

Compute the extinction coefficient, 𝐾𝑒(𝑧) = 𝜎𝑣
𝑐𝑜𝑟𝑟(𝑧)/𝐶𝑎 

 

Once we have a profile of 𝐾𝑒 as a function of depth, the surface backscatter coefficient 

can be corrected by dividing by the product of each vegetation layer attenuation. 
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𝜎𝑠
0,𝑐𝑜𝑟𝑟 = 𝜎𝑠

0∏𝑒2𝐾𝑒(𝑧𝑖)𝛿𝑧 sec𝜃
𝑁

𝑖=1

 
(121) 

The product of exponentials can be rewritten as an exponential of a sum, and if the 

vegetation is divided into layers of uniform thickness, this can be rewritten as 

 𝜎𝑠
0,𝑐𝑜𝑟𝑟 = 𝜎𝑠

0𝑒2𝛿𝑧 sec𝜃 ∑ 𝐾𝑒(𝑧𝑖)𝑖  (122) 

This approach uses the nadir return to separate the vegetation from the surface return. 

However, the extinction coefficient calculated in this approach can be used to correct surface 

measurements off-nadir. 

6.2 Simulation 

To demonstrate the vegetation estimation algorithm, a simple MATLAB script simulates 

the return from vegetation. The script tests the algorithm’s ability to recover an extinction 

coefficient. We first define several layers of vegetation. Each layer is assigned assumed values 

for 𝐾𝑒. The layers are assumed to be comprised of Rayleigh scatterers, so 𝐶𝑠 = 3/2, and they are 

all assumed to have the same single scatterer albedo 𝑎. The nominal backscatter coefficient of 

each layer is 

 𝜎𝑣
0′(𝑧) = 𝐶𝑠𝑎𝐾𝑒(𝑧) (123) 

The attenuation of each layer is  

 𝛾2 = 𝑒−2𝐾𝑒(𝑧)𝛿𝑧 sec𝜃 (124) 

The measured backscatter is computed by multiplying by attenuating the nominal value 

by the layers above. 
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𝜎𝑣
0(𝑧𝑖) = 𝜎𝑣

0′(𝑧𝑖)∏𝛾𝑗
2

𝑖−1

𝑗=1

 
(125) 

The volume backscatter 𝜎𝑣
0 is the simulated measured data. We then test Algorithm 1 by 

using it to recover the albedo, 𝑎. 

For the simulated test case, a Rayleigh scattering distribution is assumed with 𝐶𝑆 = 3/2 

and 𝑎 = 0.90. An extinction coefficient profile is defined such that the top of the canopy 

attenuates the signal more than the base, with  

 𝐾𝑒 = cos (
3𝜋

8

𝑧

ℎ
)𝐾𝑒,𝑚𝑎𝑥 (126) 

where 𝐾𝑒,𝑚𝑎𝑥 = 10−
30

10
𝐶𝑎. The nominal volume backscatter from each layer is given by 

 
𝜎𝑣,𝑐𝑜𝑟𝑟
0 (𝑧𝑖) = 𝐶𝑎𝐾𝑒(𝑧𝑖) (127) 

The two-way attenuation of the 𝑖𝑡ℎ layer is 

 
𝛾𝑖
2 = 𝑒−2𝐾𝑒(𝑧𝑖)𝛿𝑧 sec𝜃 

(128) 

The simulation then steps through each layer, from top to bottom, attenuating the 

backscatter value of the following layer. Figure 94 shows the two-way transmissivity of the 

vegetation as a function of depth. Note that the vegetation attenuates the signal more at the top 

than at the base. The attenuated radar cross-section of a calibration target is also simulated. The 

total attenuation at a given layer is the cumulative product of the two-way transmissivity of that 

layer and all layers above it. The total attenuation versus depth for this simulation is shown in 

Figure 95.  
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Figure 94. Two-way transmissivity of the simulated vegetation as divided into 0.25m layers 

 

 

Figure 95. Cumulative attenuation in a simulated volume of vegetation versus the depth into the 

vegetation. 
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The backscatter measurements are simulated by stepping through the layers and 

attenuating the nominal backscatter coefficient by the cumulative attenuation. Note that in this 

case, the total attenuation at a depth of 6 m is 0.75, or -1.25 dB. This matches the difference seen 

between the nominal and measured noise-free volume backscatter coefficient shown in Figure 

96. White gaussian noise is added to the measured volume backscatter to simulate measurements 

in a noisy environment such that the signal-to-noise ratio (SNR) is 10 dB. Figure 96 shows the 

measured noisy signal compared with both the nominal and attenuated noise-free signals. 

 

Figure 96. Simulated nominal and measured volume backscatter coefficients of the simulated 

vegetation, with and without added noise. 

The algorithm described above is then used to recover the albedo. In the absence of noise, 

this algorithm exactly recovers the correct value for the simulated data, assuming the appropriate 

value of 𝐶𝑠 is chosen. This makes sense because the simulation is based on the same fundamental 

governing equations as the algorithm. Interestingly, the exact value of 𝐶𝑠 and 𝑎 are not needed 

for vegetation compensation because the extinction coefficient depends only on the ratio of the 
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two. Even if the wrong assumption is made about the scattering distribution, the error will be 

corrected by a different albedo value.  Therefore, it makes sense in practice to solve for 𝐶𝑎 rather 

than heuristically – or even arbitrarily – assigning a value of 𝐶𝑠. 

After solving for the albedo and extinction coefficient, the estimated total attenuation can 

be computed. As seen in Figure 97, the estimated attenuation matches closely to that which is 

modeled, with a root-mean-square error (RMSE) equal to 0.00097. 

 

Figure 97. Comparison of actual and estimated total attenuation versus depth into the vegetation. 

The choice of profile selected for the simulation is not necessarily representative of 

reality. However, it does show that the general concept works for a theoretical vegetation patch 

in the presence of noise. This is a major advantage of low-power drone-based UWB radars. They 

can be used to separate scattering from vegetation and ground under the vegetation. The 

backscatter from the ground can be related to soil moisture, similar to that done for bare ground, 

to estimate soil moisture in forested areas. 



151 

 

6.3 Discussion of Results 

The ability to estimate and compensate for vegetation will allow retrieval of soil moisture 

beneath forest canopies. The proposed methodology works remarkably well in the simulated 

scenario above, even in the presence of noise. The proposed algorithm is simple to implement 

and computationally inexpensive. This algorithm will perform better with smaller range cells. An 

ultra-wideband radar offers a small range resolution, allowing for more discretization points to 

improve the estimation accuracy. 

There are a few disadvantages of the proposed method. The algorithm assumes that the 

entire canopy is similar to the canopy where the calibration target is. Depending on the locale, 

this may not be a valid assumption. It would be well suited in forestry applications where a 

single type of tree is dominant. It would also be well suited for agriculture because most farms 

have fields of a single crop type. The difficulty may lie in finding a suitable location for the 

calibration target below the canopy, especially if the vegetation is short.  
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7.1 Mission Operation and Navigation Interface for Crewed Remote Sensing Missions 

When conducting remote sensing missions, knowing the precise position and orientation 

of the platform is often critical to producing the desired data products. More than knowing the 

position, it is often desired or even necessary to position the platform to target a specific target 

for measurement. This is especially true for RF systems with narrow beam widths. 

Typical instrumentation in aircraft and ground vehicles is not designed for the precision 

navigation required for remote sensing missions. A simple interface is needed to aid pilots in 

maintaining the desired ground track. For this reason, a novel mission command and navigation 

interface was developed for remote sensing missions of crewed aircraft and ground vehicles. 

7.1.1 System Requirements 

This system has several requirements, and they can be divided into two categories. The 

first category is the mission requirements. These are system features that the system needs to 

complete remote sensing missions. The second category relates to human needs such as 

ergonomics and the system’s ease of use. 

Most remote sensing surveying missions involve traversing over a specific geographical 

point or region of interest, whether that is a calibration target, an area where ground truth 

measurements are available for validation, or simply a spot where measurements are desired. 

This gives the first important requirement. The system shall enable the platform to traverse the 

desired leg of a mission with a high degree of accuracy and precision. 

7 GUIDANCE, NAVIGATION, AND CONTROL OF CREWED AND REMOTELY-

PILOTED REMOTE SENSING MISSIONS 
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Additionally, crewed missions often require on-the-fly changes based on changing needs 

or conditions. For example, when conducting airborne remote sensing missions in a DHC-6-300 

Twin Otter over Grand Mesa, CO, clouds would often form over part of the mission area, and the 

plan would be adapted on the fly to allow for these changing conditions. As a result, the system 

shall be capable of rapidly accepting navigational changes during operation. 

Task saturation is a critical consideration in any manned operation – especially airborne 

operations. Task saturation refers to the limited amount of attention individuals can give, a major 

safety concern for airborne operations. The primary duty of the pilot is to fly the aircraft. If it is 

too difficult to perform a secondary task, the pilot is responsible for prioritizing aviating over 

performing the secondary task. As a result, the navigation display presented to the pilots shall be 

designed to minimize task saturation. This is accomplished by making the interface simple to use 

and read, reusing existing pilot skills. 

For surface-based operations, it is usually feasible to stop the vehicle to give attention to 

the interface. In such cases, the display and mission command terminal can be the same device 

and can be operated by a single person, reducing operational expenses by eliminating one person 

from the vehicle. The ground system shall be operable by a single person using one device. 

7.1.2 Implementation 

In the most general case, the physical architecture consists of several devices 

communicating over ethernet. The INS box provides state estimation, the pilot display visually 

provides information to the pilot, a command line interface allows an operator to control the 

mission, and the backend server is the manager for all the mission and state information. A 

managed ethernet switch with Power over Ethernet (PoE) injection capabilities routes traffic to 
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the various components and provides power to connected devices. A block diagram of the 

configuration is shown in Figure 98.  

 

 

Figure 98. Block diagram of the remote sensing navigation system, as configured for crewed 

airborne remote sensing missions. 

The INS module contains a VectorNav VN-200 IMU that estimates the state of the 

platform through Kalman Filter fusion of GPS and IMU data and sends the information to a 

microcontroller. The state information is sent as strings adhering to National Marine Electronics 

Association (NMEA) standards over a Universal Asynchronous Receiver-Transmitter (UART) 

Serial connection. The VN-200 provides state estimates at 20 Hz. A second UART port on the 

VN-200 is connected to the digital acquisition system, which records the position with the radar 

data. The microcontroller saves the raw received strings as text on a microSD card. Upon 

receiving a message from the VN-200, the microcontroller also sends a Remote Procedure Call 

(RPC) to the backend server with the data as an argument. By storing and transmitting the raw 

data in the same format as they arrive, the responsibility of the microcontroller is simplified, 
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allowing the bulk of the processing to be done on the much more powerful backend server. It 

also provides redundancy because the raw data is available for post-processing if needed. 

The backend server runs a multithreaded application, with each responsibility running on 

a separate thread. The message handling thread simply handles incoming RPC messages over the 

ethernet connection. RPC allows functions on the server to be called from a remote process. The 

remotely accessible server functions allow the reading and setting of different buffers used by 

other threads for processing. Controls are in place to prevent multiple threads from accessing the 

same buffer simultaneously. With this approach, every device on the network can send RPC 

messages to the server. Since the server knows nothing about the device making the request, its 

implementation is agnostic to changes in the network. As a result, any number of modules can be 

present on the network, providing the server has sufficient bandwidth to handle the volume of 

messages. This also means that a single computer can perform all functions by pointing the IP 

addresses to localhost. This fulfills the requirement for a single-operator configuration. One 

laptop can run both the backend server and pilot display, so only one external connection to the 

INS module is required. A laptop with built-in GPS and IMU could also feasibly handle the state 

estimation. 

The INS module sends a setStateBuffer command to the backend server with the NMEA 

string as an argument. This updates the state buffer on the server. The processing thread on the 

server performs checksum validation, parses the string, and updates internal state variables. It 

also computes variables of interest, including distances to each waypoint, cross-track error, and 

course bearing, among many others. Upon receipt of a getStateMessage request, the server 

returns the information from its buffers required to update the CDI on the pilot display, and upon 

receipt of a getMapdataMessage request, it returns the information needed to show the pre-
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planned lines on a map, including the active line and all inactive lines. This is a separate 

command from the getStateMessage because it uses a significant amount of bandwidth, so 

updates can be requested every few seconds to reduce overhead. 

The pilot display provides visual information to the pilots. To simplify the workload on 

pilots, the display has no user controls. If operating a crewed aircraft mission, it is much safer to 

have either a copilot or a dedicated person to manage the mission. The display and mission 

control interface can run on the same device when using the system for surface-based missions. 

The pilot display contains two elements. The first is a Course Deviation Indicator (CDI), a 

standard instrument on aircraft that indicates the direction and distance to the ground track on a 

compass. The course direction indicator points parallel to the desired path. It rotates with the 

compass, giving a clear indication of the orientation of the course. The course deviation indicator 

deflects in the direction of the desired path. Markings indicate the distance from the ground 

track. Pilots are familiar with this type of instrument, so no training is required in using the tool. 

The colors of the display are configurable in the software.  

The second element is a map of the loaded legs, with the active line highlighted. The map 

is centered on and rotates around the vehicle, so it remains in the pilot's perspective. This gives a 

fast, intuitive understanding of the location of the flight line. Figure 99 shows the graphical 

display seen by the pilots. The components as labeled on the CDI are: A) distance to the start 

waypoint of the active leg, B) distance to the end waypoint of the active leg, C) ground speed, D) 

cross-track error, with positive indicating the desired path is to the right, E) course deviation 

indicator, which deviates in the direction of the ground track, F) heading indicator, G) course 

direction indicator, pointing parallel to the active leg, and H) course deviation dots, spaced every 

5 m. On the map, the components are I) the active leg, J) an inactive leg, and K) the position 
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marker, which stays centered on the map while the map moves relative to it. The figure shows 

the vehicle is about 11 m east of the active line. The course deviation indicator is deflected just 

over two dots to the left, indicating that the vehicle needs to correct course to the left by 11 m to 

bring that indicator back to the center. The units of measure are configurable depending on the 

operating environment. Pilots tend to prefer nautical miles, feet, and knots, whereas surface 

operators tend to prefer using the metric system. 

 

Figure 99. Screenshot of the pilot display of the remote sensing navigation system. 

The mission is controlled from a command line interface running on a dedicated thread 

on the backend server. The operator has several commands at his or her disposal, including 

commands to set which leg is active, create new legs on the fly, and offset the vehicle by a 

specified distance to one side of the leg. The latter enables traversing parallel lines without 

manually computing waypoints – a useful feature for making measurements at multiple incident 
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angles as discussed in previous chapters. The available commands satisfy the requirement to 

adapt a mission to changing needs and situations in real time. 

Finally, an optional camera control module can turn a camera on or off remotely. The 

camera control module makes a getCameraState request, and the server returns whether it should 

be on or off. The camera control module controls the camera accordingly. 

7.1.3 Development 

This navigation system was developed out of necessity because no low-cost 

commercially available systems met our requirements. The prototype was limited in functionality 

but sufficient for the first flight. After receiving feedback from the operator, improvements were 

made overnight, and the second iteration was ready for use the next day. More feedback was 

obtained from the operator and the pilots, overnight changes were made to the software, and it 

was ready for the next day of flights. 

This rapid development was possible because of several factors. First, all the applications 

were programmed in Python and were run on computers running the Microsoft Windows 

operating system. Programming and testing the system with hardware was simplified because the 

configuration is identical on every device tested. Because Python is an interpreted language, the 

software is easily configured on any device that can run the required interpreter version. 

The software implements object-oriented programming practices, which allow 

encapsulation and abstraction. These software design principles make it easier to maintain code, 

simplify iterative changes to the code base, and decrease overall code complexity. 

Many useful Python libraries that have been written and freely shared by the 

programming community expedited the development of this software. All the low-level 
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interfaces, such as the RPC implementation, serial communication, graphical display, and 

threading libraries, are publicly available libraries. 

The development of these applications took place over two weeks leading up to the first 

flight on a major deployment. The short time frame limited the scope of the application to only 

the elements that were strictly necessary for a successful deployment. The limited scope 

simplified planning, which in turn simplified implementation. 

7.1.4 Results 

The daily feedback cycle helped produce a product that is suitable not only for the 

mission needs but also for the needs of the pilots. Being in the aircraft operating the software 

gave the much-needed end user perspective, and hearing the comments of the pilots, seeing how 

they operated, and incorporating changes rapidly resulted in a tool that works well for every 

party. 

The pilots were satisfied with the interface, suggesting it should be integrated with 

commercially available apps such as Foreflight. They routinely compared it to another system, 

claiming that this system was much easier to follow and maintain the ground track. 

While the results mentioned so far are somewhat subjective and anecdotal, there is 

objective evidence to support these claims. The simplest method is to compare the planned flight 

path with the actual flight path. 

GPS navigation equipment in crewed aircraft operates under different modes depending 

on the application. The enroute mode is set when specifying arbitrary waypoints or coordinates. 

In the enroute mode, the distance from the route centerline to the boundary, as indicated by the 

maximum deflection on the CDI, is 1-2 nautical miles (nmi). There are five divisions per side of 

a CDI, so each division on a CDI would correspond to 0.2-0.4 nmi. A pilot can visually detect a 
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deflection of about 1/10th of a division, so a pilot should be able to fly a predetermined ground 

track repeatably within 0.02-0.04 nmi (120-240 ft) using standard GPS navigation in smooth air. 

In contrast, our custom navigation system configured with 5 m divisions should allow pilots to 

maintain a flight path within 0.5 m (1.64 ft) in smooth air.  

In January 2020, the navigation system was used in remote sensing operations to measure 

snow depth over Grand Mesa, CO. The aircraft is a DHC-6 Twin Otter, and a grid of straight 

lines is flown at flight speeds of about 120 kts at an altitude of about 1500 ft AGL. Pilots use a 

radar altimeter to maintain a constant altitude AGL. Grand Mesa is often subject to high winds, 

and air flowing over the mesa’s cliff walls separates and creates turbulence. The CDI is adjusted 

to display divisions of 10 m to help the pilots keep the aircraft within the bounds of the CDI as 

wind gusts perturb the aircraft. The software logs the VN200 output messages and the cross-

track error at each state estimate. Some post-processing is performed to extract the cross-track 

error, along-track distance, latitude, and longitude of each flight line. 

 

Figure 100. Recorded ground track using our navigation system over Grand Mesa, CO. 
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Figure 100 shows the extracted flight paths used to evaluate the performance of the 

navigation system. The beginning of each line is easily detected in the data because the along-

track distance of each line crosses zero at the start of the line. However, the end of the line is not 

marked in the logged files, so the second derivatives of latitude and longitude are used to detect 

when the aircraft makes a turning maneuver at the end of each line. As a result, the end of the 

analyzed line is beyond the actual end of the line, which may result in additional apparent errors 

beyond the line. This will make the error calculations conservative.  

The overall RMS cross-track error of all lines in the examined flight is 20.2 m (66.3 ft). 

Figure 101 shows the number of lines in several ranges of RMS cross-track error. Of the 30 

lines, 17 (56%) have an RMS cross-track error less than 20 m, and 22 (73%) have an RMS error 

less than 25 m. This shows that our navigation system enables pilots to follow the desired flight 

path more closely than a typical aviation GPS unit. It is worth noting that the UAVSAR system 

integrated with a Gulfstream G-III business jet mentioned in Section 2.3 was able to maintain a 

flight path within a 10 m tube using a state-of-the-art autopilot system. The G-III is capable of 

operating at altitudes in excess of 36,000 ft MSL, where the atmosphere is much smoother than 

the air at 1500 ft AGL over mountainous terrain. The fact that human pilots can maintain course 

within approximately twice the cross-track error in difficult, windy conditions that an automated 

system can maintain in relatively calm conditions speaks to the success of this navigation 

system. 
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Figure 101. Histogram of RMS cross-track error by the number of lines. 

Another interesting observation is that the pilots can better maintain proximity to the 

desired flight path the longer a line is followed. Cross-track error measurements are divided into 

1 km along-track bins, and the RMS cross-track error is computed per bin. Figure 102 shows the 

RMS cross-track error of each 1 km bin vs. the along-track distance at the center of the bin. A 

clear downward trend is shown, suggesting an initial difficulty in establishing the desired flight 

path. To address this, it is recommended to establish the flight path 1 nmi or 30 seconds ahead of 

the target of interest.  
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Figure 102. RMS Cross-track error vs. along-track distance. 

Based on these observations, guidance and control autonomy is likely needed to follow a 

ground track within a few meters in windy conditions. Smaller, more responsive aircraft will also 

help achieve greater closed-loop control precision at the expense of worse open-loop precision. 

7.2 Energy Analysis of Small UAS 

COTS sUAS vehicles are predominately rotary aircraft designed to be as general as 

possible to accommodate many payloads. The rotary blade segment accounted for almost 80% of 

the commercial drone market in 2020, and this trend is expected to continue [60]. However, 

rotorcraft are not well-suited to every mission. When long endurance or range is required, 

rotorcraft performance falls short of their fixed-wing counterparts. The following sections are an 

objective investigation into methods of achieving higher endurance than a commercially 

available multirotor platform. 

7.2.1 Basic Rotorcraft Energy Theory 

A baseline case is established to serve as a starting point for objectively weighing the 

benefits of each potential solution. An energy analysis provides a theoretical means of 

investigating potential endurance-increasing measures. The following rotorcraft analysis assumes 
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that the helicopter main rotor can be modeled as a disk, across which a pressure differential 

exists because of the disk rotating, and incompressible flow is assumed. 

Consider a hovering helicopter with a single rotor. The helicopter hovers because its 

weight, 𝑊, is counteracted by the thrust, 𝑇. A stream tube control volume 𝑉 bounded by a 

control surface 𝑆 can be drawn around the disk. Four states are defined within this control 

volume. State 0 is at the top of the control volume, which extends far enough upstream of the 

rotor disk such that the velocity at the top of the control volume approaches zero. Note that this 

implies that the area at state 0 approaches infinity under steady and incompressible flow 

assumptions. States 1 and 2 are just above and below the rotor disk, respectively. State 3 is at the 

bottom of the control volume, which extends far downstream of the rotor disk such that the far 

wake velocity, 𝑣𝑤, is uniform (labeled 3). The control surface is drawn such that there is zero 

velocity through the sides of the stream tube. The induced velocity at the rotor disk is 𝑣𝑖. Figure 

103 shows a diagram of the control volume. 
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Figure 103. Control volume of the stream tube around a rotor disk used to analyze a rotorcraft in 

a hover. 

Conservation of mass for this control volume is 

 

d𝑚

d𝑡
=
𝜕

𝜕𝑡
∭𝜌d𝑉

𝑉

+∬𝜌�⃗⃗� ⋅ d𝑆
𝑆

 
(129) 

Where 𝜌 is the fluid density, 𝑚 is the mass of the fluid in the system, �⃗⃗� is the local velocity, and 

𝑑𝑆 = �⃗⃗� ⋅ 𝑑𝑆 is the unit normal area vector, with the unit normal vector �⃗⃗� pointing out from the 

control volume. Assuming steady, incompressible flow, the time-dependent terms disappear, 

leaving 

 
∬𝜌�⃗⃗� ⋅ d𝑆
𝑆

= 0 
(130) 

Additionally, because the control volume was drawn such that �⃗⃗� ⋅ d𝑆 = 0 for the sides of the 

stream tube, the conservation of mass equation for the portion of the control volume is 
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−∬ 𝜌𝑣𝑖𝑑𝑆

𝑆2

+∬ 𝜌𝑣𝑤𝑑𝑆
𝑆3

= 0 
(131) 

or equivalently, 

 
𝜌𝑣𝑖𝐴 = 𝜌𝑣𝑤𝐴𝑤 

(132) 

where 𝐴 is the rotor disk area, and 𝐴𝑤 is the area of the exit of the stream tube. 

Assuming pressure is equal across the control volume, conservation of momentum can be 

applied in the same way, with 

 

𝑑𝑚�⃗⃗�

𝑑𝑡
= ∬(𝜌�⃗⃗�)�⃗⃗� ⋅ 𝑑𝑆

𝑆

 (133) 

The left side of Equation (133) is the sum of all forces acting on the control volume. The only 

external force applied to this control volume is the thrust force, 𝑇. We can therefore rewrite 

Equation (133) as 

 
𝑇 = −∬ (𝜌𝑣0)𝑣0 ⋅ 𝑑𝑆

𝑆0

+∬ (𝜌𝑣𝑤)𝑣𝑤 ⋅ 𝑑𝑆
𝑆3

 
(134) 

Remembering that 𝑣0 = 0, the first term on the right side of the expression is zero, leaving 

 
𝑇 = 𝑣𝑤∬ (𝜌𝑣𝑤)𝑑𝑆 = 𝑣𝑤�̇�

𝑆3

 
(135) 

where �̇� is the mass flow rate out of the control volume at the wake far-field. 

Neglecting potential energy, kinetic energy is the only form of energy in the system, 

giving the conservation of energy equation for the system, 

 

𝑑𝐸

𝑑𝑡
=  ∬ (

1

2
𝜌𝑉2) �⃗⃗� ⋅ 𝑑𝑆

𝑆

 
(136) 

The left-hand term represents the power applied to the system, which is equal to 𝑇 ⋅ 𝑣𝑖. The right 

side can be evaluated for the control volume as before given that the wake velocity is 𝑣𝑤 and the 

upstream velocity is 0. Substituting the left-hand side and evaluating the right-hand side yields 
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 𝑇 ⋅ 𝑣𝑖 =
1

2
𝑣𝑤
2�̇� (137) 

Substituting Equation (135) into the above expression and simplifying gives 

 
𝑣𝑤 = 2𝑣𝑖 (138) 

The thrust force 𝑇 can be computed in terms of the properties at the rotor disk, 

 
𝑇 = �̇�𝑣𝑤 = (𝜌𝐴𝑣𝑖)(2𝑣𝑖) = 2𝜌𝐴𝑣𝑖

2 
(139) 

Rearranging for the induced velocity 𝑣𝑖 and remembering that thrust equals weight in a hover 

yields 

 𝑣𝑖 = √
𝑊

𝐴

1

2𝜌
  (140) 

where 𝑊/𝐴 is the disk loading of the helicopter. The induced velocity at the disk during hover is 

denoted as 𝑣ℎ. Finally, we arrive at the expression for the ideal power required to hover, 

 𝑃ℎ = 𝑇𝑣ℎ =
𝑇
3
2

√2𝜌𝐴
 (141) 

In a vertical climb with a climb speed of 𝑣𝑐, a similar derivation is followed with 𝑣0 =

𝑣𝑐, 𝑣3 = 𝑣𝑤 + 𝑣𝑐, and 𝑣2 = 𝑣𝑖 + 𝑣𝑐. A graphical description of the control volume is shown in 

Figure 104. 
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Figure 104. Control volume of the stream tube around a rotor disk used to analyze a rotorcraft in 

a vertical climb. 

Conservation of mass gives 

 
�̇� = 𝜌𝐴(𝑣𝑐 + 𝑣𝑖) (142) 

Conservation of energy gives 𝑣𝑤 = 2𝑣𝑖 as before, and conservation of momentum gives 

 
𝑇 = �̇�𝑣𝑤 = 2𝜌𝐴(𝑣𝑐𝑣𝑖 + 𝑣𝑖

2) 
(143) 

Substituting 𝑣ℎ
2 = 𝑇/2𝜌𝐴 gives 

 
𝑣ℎ
2 = 𝑣𝑐𝑣𝑖 + 𝑣𝑖

2 
(144) 

This can also be written as 
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(
𝑣𝑖
𝑣ℎ
)
2

+
𝑣𝑐
𝑣ℎ
(
𝑣𝑖
𝑣ℎ
) − 1 = 0 

(145) 

For a positive value of 𝑣𝑐, 𝑣𝑖 > 𝑣ℎ, so the valid solution for a vertical climb is 

 

𝑣𝑖
𝑣ℎ
= −

1

2

𝑣𝑐
𝑣ℎ
+√

1

4
(
𝑣𝑐
𝑣ℎ
)
2

+ 1 (146) 

The power required is the product of the thrust and the velocity through the rotor, or 

 
𝑃𝑐 = 𝑇𝑣𝑐 + 𝑇𝑣𝑖 = 𝑃𝑐𝑙𝑖𝑚𝑏 + 𝑃𝑖  (147) 

Dividing by 𝑃ℎ = 𝑇𝑣ℎ gives 

 

𝑃𝑐
𝑃ℎ
=
𝑣𝑐
𝑣ℎ
+
𝑣𝑖
𝑣ℎ
=
1

2

𝑣𝑐
𝑣ℎ
+√

1

4
(
𝑣𝑐
𝑣ℎ
)
2

+ 1 (148) 

For a vertical descent, consider the scenario in which the air enters the stream tube from 

below at the descent velocity, 𝑣𝑑. In this case, the air passes through the rotor disk with a 

velocity 𝑣𝑑 − 𝑣𝑖, and a wake forms at the top of the stream tube with velocity 𝑣𝑑 − 𝑣𝑤. A 

graphical depiction of the scenario is shown in Figure 105. The rationale for drawing the control 

volume this way instead of simply assigning a negative climb velocity in the previous case is 

because, for a negative climb velocity, it is possible to have flow out of both the top and bottom 

surfaces of the control volume, which is impossible under the current assumptions. 
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Figure 105. Control volume of the stream tube around a rotor disk used to analyze a rotorcraft in 

a vertical descent. 

The mass flow rate across the rotor disk is 

 
�̇� = 𝜌𝐴(𝑣𝑑 − 𝑣𝑖) (149) 

Conservation of momentum gives 

 
−𝑇 =∬(𝜌�⃗⃗�)�⃗⃗� ⋅ 𝑑𝑆

𝑆

= −�̇�𝑣𝑑 + �̇�(𝑣𝑑 − 𝑣𝑤) = −�̇�𝑣𝑤 
(150) 

Conservation of energy gives 

 −𝑇(𝑣𝑑 − 𝑣𝑖) = −
1

2
�̇�𝑣𝑤(2𝑣𝑑 − 𝑣𝑤) (151) 

Substitution of the momentum expression into the conservation of energy equation gives 
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 −�̇�𝑣𝑤(𝑣𝑑 − 𝑣𝑖) = −
1

2
�̇�𝑣𝑤(2𝑣𝑑 − 𝑣𝑤) (152) 

Simplification yields the simple expression of 𝑣𝑖 =
1

2
𝑣𝑤.  

 
𝑇 = �̇�𝑣𝑤 = 𝜌𝐴(𝑣𝑑 − 𝑣𝑖 )2𝑣𝑖 = 2𝜌𝐴(𝑣𝑑 − 𝑣𝑖)𝑣𝑖 (153) 

This can again be rearranged to get 

 

𝑇

2𝜌𝐴
= −𝑣𝑖

2 + 𝑣𝑖𝑣𝑑  
(154) 

Dividing by 𝑣ℎ
2 =

𝑇

2𝜌𝐴
 yields the expression 

 
(
𝑣𝑖
𝑣ℎ
)
2

−
𝑣𝑑
𝑣ℎ
(
𝑣𝑖
𝑣ℎ
) + 1 = 0 

(155) 

The solution to this quadratic equation is 

 

𝑣𝑖
𝑣ℎ
=
1

2

𝑣𝑑
𝑣ℎ
±√

1

4
(
𝑣𝑑
𝑣ℎ
)
2

− 1 (156) 

The valid solution is 

 

𝑣𝑖
𝑣ℎ
=
1

2

𝑣𝑑
𝑣ℎ
−√

1

4
(
𝑣𝑑
𝑣ℎ
)
2

− 1 (157) 

Considering 𝑣𝑑 is essentially a negative climb rate, this can be written as 

 

𝑣𝑖
𝑣ℎ
= −

1

2

𝑣𝑐
𝑣ℎ
−√

1

4
(
𝑣𝑐
𝑣ℎ
)
2

− 1 (158) 

To have a real-valued solution, 
𝑣𝑐

𝑣ℎ
≤ −2. As above, the power is given by the product of 

thrust and velocity at the rotor. 

 
𝑃𝑐 = 𝑇(−𝑣𝑐 − 𝑣𝑖) (159) 

Dividing by 𝑃ℎ = 𝑇𝑣ℎ gives 
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𝑃𝑐
𝑃ℎ
= −

𝑣𝑐
𝑣ℎ
−
𝑣𝑖
𝑣ℎ
= −

1

2

𝑣𝑐
𝑣ℎ
+√

1

4
(
𝑣𝑐
𝑣ℎ
)
2

− 1 (160) 

When −2 <
𝑣𝑐

𝑣ℎ
< 0, the control volume defined is not valid. This scenario is known as 

vortex ring state. An empirical relation for this state is given by [61],  

 

𝑣𝑖
𝑣ℎ
= 0.974 − 1.125 (

𝑣𝑐
𝑣ℎ
) − 1.372 (

𝑣𝑐
𝑣ℎ
)
2

− 1.718 (
𝑣𝑐
𝑣ℎ
)
3

− 0.655 (
𝑣𝑐
𝑣ℎ
)
4

 
(161) 

The power can be computed in the same way as in the previous cases, yielding the 

expression 

 

𝑃𝑐
𝑃ℎ
= 0.974 − 0.125 (

𝑣𝑐
𝑣ℎ
) − 1.372 (

𝑣𝑐
𝑣ℎ
)
2

− 1.718 (
𝑣𝑐
𝑣ℎ
)
3

− 0.655 (
𝑣𝑐
𝑣ℎ
)
4

 
(162) 

The induced velocity ratio is plotted against the climb velocity ratio in Figure 106. In a 

slow descent, a rotorcraft will be in the vortex ring state. In this state, the rotorcraft is descending 

into its wake. Air flows from beneath the rotor back to the top, where it is re-ingested by the 

rotor. This results in a faster induced velocity at the rotor disk. Also of note is the ratio of power 

needed to the power required to hover. In a climb, the required power increases nearly linearly 

with the climb velocity ratio. In a slow descent, the required power is nearly identical to the 

power required to hover. The required power decreases nearly linearly again as the rotorcraft 

nears the windmill braking state. 



173 

 

 

Figure 106. Induced velocity ratio versus climb velocity ratio for rotorcraft in vertical climb or 

descent. 

 

Figure 107. Climb power ratio versus climb velocity ratio for rotorcraft in vertical climb or 

descent. 

For a vehicle with an electric propulsion system – as most modern sUAS are – an 

estimated endurance is trivial to compute if the power is known. Battery capacity is usually 
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measured in units of Ampere-hours (Ah). A device requiring power 𝑃 will be able to draw from 

a battery with a capacity 𝐶 and voltage 𝑉 for a time 𝑡 given by 

 𝑡 =
𝑉𝐶

𝑃
 (163) 

where 𝑉𝐶 is the battery’s capacity in Watt-hours. From this, we can see that the endurance of an 

electric rotorcraft in hover is  

 
𝑡 =

𝑉𝐶

𝑊

√2𝜌

√𝑊/𝐴 
 

(164) 

In the following sections, this expression will be used to evaluate the performance of alternative 

solutions and potential improvements. Computing the power required during forward flight is 

more difficult and is specific to propeller geometry, aircraft configuration, and other variables. 

This analysis assumes that the rotorcraft is moving slowly enough to approximate forward flight 

as a hover condition. This is a conservative estimate for low speeds, as the rotor power required 

curve is u-shaped when plotted against forward velocity. 

7.2.2 Effect of Weight on Endurance 

One direct result from Equation (141) is that weight plays a tremendous role in the power 

required to maintain flight. The endurance decreases with 𝑊3/2, which means reducing the 

weight by 10% increases endurance by about 15%. Multiple weight reductions are possible on 

the integrated system detailed in this dissertation. The radar itself weighs about 12 lbf.  Much of 

the weight comes from the connectorized components to build the prototype of the system. A 

future version of this radar can be developed on a single board, eliminating the excess weight of 

multiple connectors between components. Furthermore, integrating the power circuitry onto the 

same board could eliminate nearly all cabling in the system. This would reduce not only noise in 

the system but also weight. 
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Additionally, a single high-performance FPGA can handle many jobs currently being 

performed by multiple components. In addition to reading and storing data from the ADC in the 

current implementation, the FPGA can also program the various devices currently being 

programmed by a separate microcontroller. It can also generate the reference chirp for the chirp 

synthesis PLL. These changes would allow a significant reduction in both weight and size. 

A new custom antenna with a power divider integrated into the back of the ground plane 

would essentially eliminate the weight of the current power dividers, the SMA connectors, and 

the formable SMA cables connected to each element. The estimated weight reduction of this 

change is about 1 lbf. The total estimated weight reduction for the changes to the radar system 

mentioned above is 6.6 lbf, or 12%. These changes correspond to a 17.4% increase in endurance, 

or about 3.5 additional minutes of flight time.  

Additional weight reductions can be made in the airframe. The structure of the Dragon 

X6 airframe is the same structure used on the Dragon X12, an aircraft capable of carrying 

payloads weighing up to 1,000 lbf. The main structure of the airframe is constructed of two 4.5 

mm thick carbon fiber plates with a plastic spacer separating the plates by 2 inches. Each of the 

six arms holding motors is a carbon fiber box tube, with a wall thickness of 3 mm. Another 4.5 

mm carbon fiber plate is separated by another 3.5 inches of plastic beneath the structural frame. 

A typical prefabricated carbon fiber plate with dimensions 39.4 in x 34.9 in x 4.5 mm weighs 

approximately 15.89 lbf, or 0.0115 lbf per square inch of 4.5 mm plate [62]. The planform of the 

structural plates on the XFold has an area of about 432 sq. in. Each plate weighs approximately 

5.0 lbf. 

Consider a simple structural analysis of the airframe. Let us assume the rotor arms are 

perfectly rigid and that the entire mass of the aircraft is at the center of mass of the airframe. This 
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is a conservative estimate, as point loads result in higher localized stresses than distributed loads. 

Let us also assume that very aggressive maneuvers are possible and consider a 4g load factor. 

Dynamic loads are neglected for this simple analysis. Assuming an MTOW of 55 lbf, this scenario 

is analytically identical to a static load of 220 lbf. 

Now let us consider a beam made of two parallel 4.5 mm thick carbon fiber plates 

separated by 2 inches and suspended between two points. The maximum bending moment will 

occur at the center of the beam and is given by 

 𝑀𝑚𝑎𝑥 =
𝐹𝐿

4
 (165) 

where 𝐹 is the force applied at the center of the beam, 𝐿 is the length of the beam. In this 

example, let us take the longest dimension of the plate (42 in) as the length of the beam. This 

gives a maximum bending moment of 2,310 in-lb. The maximum bending stress occurs at the 

bottom plate at the location of the point load, and it is given by 

 𝜎𝑚𝑎𝑥  =
𝑀𝑚𝑎𝑥𝑦

𝐼
 (166) 

where 𝑦 is the distance from the neutral axis, and 𝐼 is the area moment of inertia of the beam, 

which is geometry dependent. In this example, 𝐼 = 4.208 in4 and 𝑦 = 1.18 in. This gives a 

maximum tensile stress of 646 psi (0.646 ksi). A typical value of ultimate tensile strength for 

carbon fiber is three orders of magnitude higher at around 500 ksi.  

While this simplified model makes many assumptions, it is not difficult to see that the 

airframe is far heavier than necessary. Reducing the thickness of the carbon fiber to 1 mm would 

give a maximum tensile stress of 2.932 ksi in this simple analysis, which is still much lower than 

the ultimate stress. Making this change would reduce the weight of the airframe by 12.4 lbf. Of 

course, there are other things to consider when making this change, such as through-hole 
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reinforcement and local buckling. Even considering those items, this is still a conservative 

estimate for the potential airframe weight reduction, as other areas could also be lightened.  

Table 8 summarizes the potential weight reduction achieved by making each suggested 

change. Implementing these changes would reduce the total weight of the UAS by 16.5 lbf, or 

30%. This weight reduction would yield a 71% increase in endurance. 

Table 8. Estimated weight reductions for system changes. 

Change Estimated Weight 

Reduction 

Eliminate connectorized components 1 lbf 

Custom FPGA to perform multiple functions 1.5 lbf 

Reduce wiring 0.1 lbf 

Integrate power divider with antenna 1 lbf 

Smaller enclosure 1 lbf 

Airframe 12.4 lbf 

Total 16.5 lbf 

 

7.2.3 Hybrid Propulsion Multirotor 

Hybrid propulsion systems are available for multirotor aircraft. These platforms are 

advertised to have impressive endurance compared to their pure electric counterparts. In 

principle, hydrocarbon fuels such as gasoline have an energy density of about 45 MJ/kg. Lithium 

Polymer (Li-Po) batteries have a much lower energy density - about 0.63 MJ/kg. There is some 

variance between battery manufacturers, but this is a representative value based on the energy 

density of several commercially available batteries. 



178 

 

Consider an electric multirotor with two 20,000 mAh, 6-cell Li-Po batteries. The 

combined potential energy of those batteries is 888 Wh, or 3.2 MJ. Based on the energy density 

provided above, the total weight of the batteries is 5 kg (11 lbf). This represents the electric 

multirotor platform used in this study, and this simple analysis aligns with reality. Let us assume 

that the platform can hover for 20 minutes before completely consuming the battery. The power 

required to maintain hover is the initial potential energy in the battery divided by the hover 

duration, which in this case is 2.7 kW (3.6 hp). 

In a hybrid propulsion system, a gas-powered generator provides enough power for 

sustained flight, and a small battery is used as a buffer between the generator and electric motors. 

A generator can be produced by coupling a gas motor to the shaft of a brushless direct current 

(BLDC) motor. A rectifier and voltage regulator then produce a stable DC output that charges 

the battery. Using a battery as a buffer also allows for short periods of a higher power draw than 

the gas motor on its own can produce.  

Let us consider using a hybrid propulsion system for the same scenario described above. 

BLDC Motor efficiency is 80-90% under load [63, 64, 65]. This analysis assumes a motor 

efficiency of 85%, and it is assumed that a three-phase motor driven by its shaft to produce 

electricity also has an efficiency of 85%. With this assumption, we need a motor that can 

produce 3.2 kW (4.2 hp). The Zenoah G620PU is a 2-stroke spark-ignition gasoline-oil engine 

that produces 4.22 hp and has a weight of 5.1 lb (2.3 kg) [66]. The T-Motor AT7224 40CC can 

produce a maximum of 6 kW of power and weighs 1.7 lb (0.78 kg) [67]. Assuming the hybrid 

aircraft has the same weight as the electric version of the aircraft, only 0.19 lb (0.08 kg) of 

gasoline is needed to perform the 20-minute hover. This allows for 4 lb of additional equipment, 

such as a fuel tank, plumbing, and a smaller flight battery, to have the same capability as the 
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original electric platform. If there is room in the weight budget for an additional 0.5 lbf of fuel, 

the endurance of the aircraft increases to 1 hour. Any additional weight savings mentioned in 

Section 7.2.2 could be substituted for additional fuel, further increasing the aircraft's endurance.  

The disadvantage of a hybrid propulsion system is that there are losses when converting 

between mechanical and electrical power. The gas engine turns a generator, which generates AC 

electricity. This signal must be rectified to charge the battery acting as a buffer. The Electronic 

Speed Controllers (ESCs) must then convert the DC power to three-phase AC power to drive the 

electric motors. Each of these steps has losses that manifest as heat in the components, such as 

the generator, rectifier, battery, ESCs, and motors. 

Finally, hybrid propulsion systems in rotorcraft are unable to recover kinetic energy 

efficiently. In a hybrid automobile, regenerative braking can convert kinetic energy into potential 

energy, whereas a conventional car uses brakes to convert kinetic energy into heat, which 

dissipates into the atmosphere. This ability to recover kinetic energy gives hybrid automobiles 

high overall efficiency. A rotorcraft cannot recover kinetic energy efficiently due to poor 

mechanical and electrical efficiencies. Kinetic energy may only be recovered during deceleration 

or descent, which means there is no benefit for a long flight paths at constant altitude and 

velocity that are common among remote sensing missions. A rotorcraft expends energy to remain 

aloft even if it remains stationary.  

Hybrid propulsion systems are also much more difficult to size correctly, particularly 

when using COTS parts. The Dragon X6 used in this study was delivered with a hybrid 

propulsion system. However, the manufacturer did not properly size the system for the aircraft at 

a 55 lb MTOW, so the endurance was shorter than a pure electric configuration. Overall, a 
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hybrid propulsion system is feasible, especially if the radar and airframe are made lighter, but it 

is not optimal. 

7.2.4 Conventional Gas-powered Helicopter 

The previous section details some benefits and considerations of a hybrid propulsion 

system. However, despite their prevalence, COTS multirotors are not the optimal rotorcraft 

platform. Additionally, aircraft are not able to fully take advantage of hybrid technology. The 

optimal rotorcraft for long endurance operations with relatively heavy payloads is likely a 

conventional gas-powered helicopter. 

A conventional helicopter uses a single large main rotor for vertical thrust and a small tail 

rotor to counter the torque of the main rotor. Using a single large rotor is advantageous because 

larger motors and larger motors are generally more efficient than small ones. The rotors of a 

conventional helicopter can be directly driven by a gas engine, eliminating losses associated with 

a generator, rectifier, charger, ESCs, and electric motors present in the hybrid model. A small 

flight battery is needed only to power the command-and-control electronics, but such a battery 

would weigh much less than 1 lb. Assuming combined 85% efficiency for the generator, 

rectifier, and charger and another 85% for the ESC and electric motor pairs, a pure gas-powered 

helicopter would be 38% more efficient than a hybrid solution. The gas motor must be sized to 

provide sufficient power for all flight segments, including climb. A small inefficiency from 

operating a larger motor at a reduced throttle setting during hover and forward flight may be 

introduced, but this inefficiency is likely offset by the weight reduction of eliminating the 

generator, flight battery, and electric motors. 

Conventional helicopters are also more stable than multirotor platforms. Multirotors rely 

on the flight controller to perform stabilization for the pilot. In contrast, many conventional 
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helicopters can be flown without closed-loop control. In addition to the stability, conventional 

helicopters typically use a constant speed rotor with variable pitch, offering a faster attitude 

response than a multirotor, which must adjust individual rotor speeds to vary the thrust to affect 

the aircraft's attitude. This faster control response theoretically allows the platform to follow the 

desired flight path autonomously more closely.  

A conventional helicopter has numerous advantages over a multirotor, and an internal 

combustion engine offers better endurance than electric or gas-electric hybrid power. A 

conventional gas-powered helicopter may be the optimal platform for remote sensing operations 

that require relatively slow measurements or a small coverage area. 

7.2.5 Fixed-wing sUAS 

Rotorcraft are well suited to slow flight and operations from constrained areas. In 

agriculture, the desired coverage area is often vast, and vertical takeoff capabilities are not 

necessarily required. In such cases, it is advantageous to utilize lifting surfaces to counteract the 

weight force rather than relying solely on thrust.  

Fixed-wing platforms excel at remaining aloft for long periods and traveling long 

distances. Because fixed-wing aircraft use lift generated by the wings to stay aloft, they require 

less power than rotorcraft. In straight and level flight, thrust forces 𝑇 are aligned with the flight 

path and balanced by the drag 𝐷, and the lift 𝐿 is balanced by the weight 𝑊. 

 
𝑇 = 𝐷 

(167) 

 
𝐿 = 𝑊 

(168) 

The lift-to-drag ratio, 𝐿/𝐷, is a measure of the aerodynamic efficiency of a fixed-wing 

aircraft. A high 𝐿/𝐷 means that maintaining forward flight requires less power consumption. In a 
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typical aerodynamic analysis, forces are nondimensionalized based on geometry. For a 2D airfoil, 

the section lift coefficient 𝐶𝑙 and section drag coefficient 𝐶𝑑 are defined as 

 
𝐶𝑙 =

𝑙

𝑞𝑐
 

(169) 

 
𝐶𝑑 =

𝑑

𝑞𝑐
 

(170) 

where 𝑙 and 𝑑 are the lift and drag per unit span, 𝑞 =
1

2
𝜌𝑉∞

2 is the dynamic pressure, and 𝑐 is the 

airfoil section chord, measured from the leading edge to the trailing edge. In the dynamic 

pressure term, 𝜌 is the density of the fluid, and 𝑉∞ is the free-stream velocity far from the 

geometry as observed in the reference frame of the geometry. 

 The flow is further nondimensionalized using the Reynolds number, which is defined as 

 𝑅𝑒 =
𝑉∞𝑐

𝜈
 (171) 

where 𝜈 is the kinematic viscosity of the fluid. The velocity is nondimensionalized by the Mach 

number, which is the ratio of the free-stream velocity to the sonic velocity in the fluid, 

 𝑀 =
𝑉∞
𝑎

 (172) 

Sectional lift and drag depend on the angle of attack 𝛼 of the aircraft. The angle of attack 

is the angle between the free-stream velocity and the airfoil chord. In this study, the lift and drag 

coefficients of a particular airfoil are evaluated at multiple angles of attack using XFOIL, a panel 

method with an integral boundary layer solver developed by Drela as a tool for airfoil design 

[68]. An airfoil section is chosen, and geometry is either imported into XFOIL or generated by 

XFOIL. The Reynolds number and Mach number are configured for the expected flight 

condition, and the sectional lift and drag coefficients are computed for a sequence of angles of 

attack. 
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The lift and drag are estimated for any arbitrary angle of attack by linearly interpolating 

between the simulated samples using 

 
𝐶𝑙(𝛼) = 𝐶𝑙(𝛼𝑙) +

𝐶𝑙(𝛼𝑢) − 𝐶𝑙(𝛼𝑙)

𝛼𝑢 − 𝛼𝑙
(𝛼 − 𝛼𝑙),          𝛼𝑙 ≤ 𝛼 ≤  𝛼𝑢 

(173) 

where 𝛼𝑙 and 𝛼𝑢 are the sample points surrounding the point of interest. 

The lift and drag of a three-dimensional wing or aircraft are typically nondimensionalized 

as 

 
𝐶𝐿 =

𝐿

𝑞𝑆
 

(174) 

 
𝐶𝐷 =

𝐷

𝑞𝑆
 

(175) 

where 𝑆 is the wing planform area. Assuming a linear taper (i.e., the leading and trailing edges of 

the wing are straight lines), 𝑆 = 𝑏𝑐,̅ where 𝑐̅ = 0.5(𝑐𝑡𝑖𝑝 + 𝑐𝑟𝑜𝑜𝑡) is the mean chord of the wing 

and 𝑏 is the wingspan. 

Two key parameters that determine the aerodynamic performance are the taper ratio, 𝜆, 

and the aspect ratio, 𝐴𝑅. The taper ratio is the ratio of the tip chord to the root chord, 

 
𝜆 =

𝑐𝑡𝑖𝑝

𝑐𝑟𝑜𝑜𝑡
 

(176) 

The aspect ratio is defined as 

 𝐴𝑅 =
𝑏2

𝑆
 (177) 

The lift-to-drag ratio can be expressed in terms of these nondimensional quantities 

because lift and drag are nondimensionalized by the same reference quantities. Prandtl lifting 

line theory estimates the lift-to-drag ratio of a wing. Two-dimensional potential flow theory 

shows that an airfoil creates circulation about the span, inducing a downwash velocity 𝑤 aft of 
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the airfoil. A horseshoe vortex of strength Γ positioned with the parallel ends at 𝑦 = ±𝑏/2 

generates a downwash velocity on the y-axis. 

 
𝑤𝑦 =

Γ𝑏

4𝜋 (
𝑏2

4 − 𝑦
2)

 
(178) 

If infinitely many horseshoe vortices are stacked along the y-axis, then the vortex 

strength along the y-axis becomes a continuous function of 𝑦, and the downwash velocity of the 

wake is given by 

 
𝑤𝑤𝑎𝑘𝑒(𝑦) =

1

4𝜋
∫

𝑑Γ(𝑦′)

𝑑𝑦′
𝑑𝑦′

𝑦′ − 𝑦

𝑏/2

−𝑏/2

 
(179) 

The induced angle of attack due to the downwash is 

 
𝛼𝑖 = −atan (

𝑤𝑤𝑎𝑘𝑒
𝑉∞

) ≈
−𝑤𝑤𝑎𝑘𝑒
𝑉∞

 
(180) 

For numerical computations, a wing can be represented by a finite number of horseshoe 

vortices stacked on top of one another, all centered around 𝑦 = 0. The span of the wing is 

discretized using a parameter 𝜃 ∈ [0, 𝜋]. A vector Θ = {𝜃1, 𝜃2, … , 𝜃𝑛}
𝑇 is considered such that 

 𝜃𝑖 =
𝜋𝑖

𝑛 + 1
 (181) 

where 𝑛 is the number of discrete horseshoe vortices. This gives the transformation 𝑦 =
𝑏

2
cos 𝜃𝑖. 

The vortex strength in parametric space Γ(𝜃) can be approximated by the Fourier series 

 
Γ(θ) = 2𝑏𝑉∞∑𝐴𝑘 sin(𝑘𝜃)

𝑛

𝑘=0

 
(182) 

It can also be shown that 
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 Γ =
1

2
𝑉∞𝐶𝑙𝑐 (183) 

In this method, the airfoil chord can vary across the span, so 𝑐 = 𝑐(𝜃). Equating 

Equations (182) and (183) yields 

 

1

2
𝑉∞𝑐(𝜃)𝐶𝑙 = 2𝑏𝑉∞∑𝐴𝑘 sin(𝑘𝜃)

𝑛

𝑘=0

 
(184) 

From Equations (180), (181), and (182), it can also be shown that 

 
𝛼𝑖 = − atan(∑𝑘𝐴𝑘

sin(𝑘𝜃)

sin(𝜃)

𝑛

𝑘=0

) 
(185) 

The airfoil lift coefficient 𝐶𝑙 in Equation (184) is a function of the aircraft angle of attack 

𝛼, the induced angle of attack 𝛼𝑖, and the geometric angle of attack due to wing twist 𝛼𝑔𝑒𝑜. By 

adding these components and substituting Equation (185), the effective angle of attack can be 

computed for a given 𝜃 by 

 
𝛼𝑒𝑓𝑓 = 𝛼 + 𝛼𝑔𝑒𝑜 − atan(∑𝑘𝐴𝑘

sin(𝑘𝜃)

sin(𝜃)

𝑛

𝑘=0

) 
(186) 

The effective angle of attack is the value used when computing the airfoil sectional lift 

coefficient. Equation (184) is a nonlinear system of 𝑛 equations and 𝑛 unknowns, 𝐴𝑘. Because 

these equations are nonlinear, an iterative approach is used to solve the system. A residual form 

of the equation is 

 
𝑅𝑖 = 2𝑏∑𝐴𝑘 sin(𝑘𝜃𝑖) −

1

2
𝑐(𝜃𝑖)𝐶𝑙(𝛼𝑒𝑓𝑓)

𝑛

𝑘=0

 
(187) 

Where 𝛼𝑒𝑓𝑓 is the effective angle of attack for the section, which is simply the sum of the aircraft 

angle of attack, geometric twist, and downwash-induced angle of attack. 
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𝛼𝑒𝑓𝑓 = 𝛼 + 𝛼𝑔𝑒𝑜 − atan(∑𝑘𝐴𝑘

sin(𝑘𝜃𝑖)

sin(𝜃𝑖)

𝑛

𝑘=0

) 
(188) 

Broyden’s method is then used to drive the residual equations to zero and solve for the roots. An 

alternative approach is to approximate the lift coefficient as varying with a constant slope, with 

 
𝐶𝑙 = 𝐶𝑙𝛼𝛼𝑒𝑓𝑓 

(189) 

where 𝐶𝑙𝛼 =
𝜕𝐶𝑙

𝜕𝛼
 is the slope of the lift curve. 

After finding the 𝐴𝑘 terms in Equation (187), the wing lift and induced drag coefficients 

𝐶𝐿 and 𝐶𝐷 can be found using 

 
𝐶𝐿 = 𝜋𝐴𝑅 𝐴1 

(190) 

 
𝐶𝐷𝑖,𝑤𝑖𝑛𝑔 = 𝜋𝐴𝑅 ∑𝑘𝐴𝑘

2

𝑛

𝑘=1

 
(191) 

The total induced drag on the wing is simply the combination of the airfoil section drag 

and the induced drag, giving 

 
𝐶𝐷𝑖 = 𝐶𝑑 + 𝐶𝐷𝑖,𝑤𝑖𝑛𝑔 

(192) 

The aircraft profile drag 𝐶𝐷0 is added to this estimate to provide a total aircraft drag coefficient  

 
𝐶𝐷 = 𝐶𝐷0 + 𝐶𝐷𝑖 (193) 

The lift-to-drag ratio of the wing is simply the ratio of lift and drag coefficients, 

 

𝐿

𝐷
=
𝐶𝐿
𝐶𝐷

 
(194) 

As a simple feasible example, consider an sUAS with a rectangular wing with a span of 

15 ft and a chord of 1.25 ft. Such an aircraft could be disassembled with minimal effort and 

transported to and from the field in a vehicle. An SD-7062 airfoil is chosen for this analysis 
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based on prior practical experience with the airfoil. It has a maximum thickness-to-chord ratio of 

14%, for a maximum thickness of 2.1 in. The trailing edge angle of the SD-7062 is about 5°, 

which is relatively large compared to many low Reynolds number airfoils. The large thickness 

and trailing edge angle make a wing with this airfoil easy to manufacture, especially with 

modern composite manufacturing techniques. An aspect ratio 𝐴𝑅 = 12 and a taper ratio 𝜆 = 1 

are assumed. For this example, consider the flight conditions of a Reynolds number of 𝑅𝑒 = 

315,000, which corresponds to this hypothetical aircraft flying at 35 mph (51.3 ft/s) at standard 

sea-level atmospheric conditions. 

The geometry is imported into XFOIL, and the number of panels in the discretization is 

increased to 400. The viscous solver is initialized with the parameters mentioned above, the 

sectional lift and drag coefficients are computed for a sequence of angles of attack, and the 

results are saved to a file. 

The lifting line method detailed above is implemented in a MATLAB script, which uses 

the sectional data output from XFOIL to estimate lift and drag coefficients for the 3D wing. A 

profile drag of 200 counts (𝐶𝐷0 = 0.0200) is assumed as a reasonable estimate for a sUAS in a 

clean configuration. The estimation yields the results shown in Table 9. The geometry 

parameters for this simple analysis have been selected based on prior experience, but no 

optimization has been done for this specific mission. Even without optimizing the geometry for 

the specific mission or reducing the aircraft or payload weight, an aircraft with an MTOW of 55 

lbf will cruise at 35 mph with a lift-to-drag ratio of about 15.8. Proper optimization will certainly 

produce a design with aerodynamic performance better tailored to a specific mission need. 

The 15.8 lift-to-drag ratio means that in cruise, the propulsion system of a fixed-wing 

aircraft in cruise theoretically needs only to produce 6.3% of the thrust needed for a rotorcraft of 
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the same weight because the propulsion system only needs to provide enough thrust in cruise to 

overcome the drag. This directly translates into a reduction of power. This analysis does not 

consider the takeoff and climb stages of flight, but it serves as a rough estimate of the power 

savings – or increased endurance – that can be achieved by using a fixed-wing aircraft. 

Table 9. Estimated wing aerodynamic coefficients for a rectangular wing, with an SD-7062 

airfoil section, 𝑐 = 1.25 ft, 𝐴𝑅 = 12, and 𝑅𝑒 = 315000. 

𝜶 (deg.) 𝑪𝑳 𝑪𝑫𝒊 𝑪𝑫𝟎  𝑳 (lbf) 𝑫 (lbf) 𝑳/𝑫 

0 0.3715 0.0136 0.0200 21.8 2.0 11.1 

1 0.4578 0.0157 0.0200 26.8 2.1 12.8 

2 0.5495 0.0186 0.0200 32.2 2.3 14.2 

3 0.6451 0.0226 0.0200 37.8 2.5 15.1 

4 0.7360 0.0271 0.0200 43.1 2.8 15.6 

5 0.8254 0.0321 0.0200 48.3 3.1 15.8 

6 0.9134 0.0377 0.0200 53.5 3.4 15.8 

7 0.9996 0.0438 0.0200 58.5 3.7 15.7 

8 1.0836 0.0504 0.0200 63.4 4.1 15.4 

9 1.1651 0.0576 0.0200 68.2 4.6 15.0 

10 1.2427 0.0653 0.0200 72.8 5.0 14.6 

 

The Dragon X6 used in this study uses 6 electric motors, each of which weighs about 0.8 

lbf and produces 18.5 lbf of static thrust at full throttle with a 22-in propeller [69].  Even one 

such motor would give a maximum thrust-to-weight ratio of 0.36, which is more than enough for 

a fixed-wing aircraft.  
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The current radar prototype is unsuitable for fixed-wing sUAS missions, but a similar 

radar could improve upon the current prototype to produce chirps at a much higher PRF to 

enable data collection at the faster speeds required for a fixed-wing aircraft. Furthermore, the 

radar prototype developed in this study is both bulky and heavy because it is constructed from 

connectorized COTS components and evaluation boards. With the proven performance of this 

radar design, the radar could easily be fabricated on a single printed circuit board (PCB) with 

integrated circuit (IC) components rather than the connectorized versions. This would reduce the 

weight dramatically, and the overall size of the radar could fit into the fuselage of a small fixed-

wing aircraft. With modern composite materials such as low-E fiberglass and EM-transparent 

foams, the antenna could be integrated into the wing and/or fuselage of the aircraft to minimize 

drag. 

Table 10. Comparison of platform improvements 

Platform Endurance Velocity Range Coverage Area 

(lines 50 m apart) 

As-is 20 min 3 m/s 3.6 km 0.18 km2 

Reduced Weight 34 min 3 m/s 6.2 km 0.31 km2 

Hybrid Multirotor 60 min 3 m/s 10.8 km 0.54 km2 

Internal Combustion 

Rotorcraft 

83 min 3 m/s 14.9 km 0.75 km2 

Electric Fixed-wing sUAS 

(55 lb MTOW, 15.8 L/D) 

61 min 15.6 m/s 56.9 km 2.84 km2 

 

A fixed-wing platform is ideal for remote sensing missions where relatively high speeds 

are acceptable and the mission requires either long endurance or long-range capabilities. Table 

10 shows the estimated endurance, range, and coverage area for various configuration updates 

mentioned in this analysis. The coverage area assumes that each line covers a 50 m swath. An 

electric fixed-wing aircraft has an estimated range of 56.9 km. If we consider the potential gains 
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of a fixed-wing sUAS with an internal combustion engine, the range will increase further. The 

electric propulsion system (i.e. the battery, motor, and ESC) in the electric case weigh about 12 

lbf combined. The gas motor described in Section 7.2.3 weighs 5.1 lbf. Assuming the avionics 

require a 2 lbf battery, that leaves about 4.9 lbf for the fuel tank, fuel lines, and fuel itself. Even 1 

lbf of gasoline contains more than 6 times the amount of potential energy as the 11-lbf battery 

that powers the rotorcraft in this dissertation. Clearly a fixed-wing platform is better suited than a 

rotorcraft for remote sensing missions with a large coverage area. 

Figure 108 visually compares the coverage area achievable with various platform 

changes. The as-is configuration is the smallest coverage area, and the fixed-wing aircraft can 

cover several square kilometers in a single flight. Note that the as-is configuration does not cover 

enough range to measure one of the displayed fields in a single flight. 

 

Figure 108. Comparison of coverage area achievable with various systems. 
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7.3 Future of Commercial Remote Sensing Measurements 

While crewed remote sensing missions have played an important role in remote sensing, 

new technology presents new opportunities for remote sensing. There is a considerable market 

for a UAS-based system that can provide remote sensing data products. To create a viable 

product, additional work is needed.  

An organization looking to operate a UAS-based system is likely concerned about costs. 

More so than the initial investment consideration, the continued operating cost of the system is of 

interest. Automation has increased efficiency, quality, and safety and reduced lead times. 

Automated systems typically perform tasks with less variability than human workers, resulting in 

greater control and consistency of product quality. The primary disadvantages of automated 

systems are higher capital expenditure, higher level of maintenance required, and a reduced level 

of flexibility. In 1900, 41% of the workforce in the United States was employed in agriculture, 

but by 2000, that share of the workforce had dropped to just 2% [70]. This shift was enabled by 

widespread adoption of mechanized equipment such as tractors and farm implements that 

improved efficiency. Today, the industry is turning toward automated systems to further improve 

efficiency. 

7.3.1 Automation of UAS Operations 

UAS automation has been a reality for many years. The proliferation of consumer 

multirotor helicopters among hobbyists created a demand for a flight control system for custom-

built vehicles. Ardupilot, APM, and PX4 are just three of many examples of open-source flight 

controllers on the market for minimal cost. Because these controllers are open-source, 

technically inclined hobbyists and corporations have been able to develop autonomy capabilities 

for these flight controllers. They can follow waypoint missions, automatically return home, 
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integrate high-precision positioning systems, and even sense and avoid other aircraft. The flight 

controller used in this study is a Pixhawk cube running the Ardupilot software. 

Automated flight controllers for sUAS have reached a level of maturity that pilot skill is 

no longer the barrier to entry into sUAS operations it once was. The barrier to entry is now the 

technical knowledge required to design and build a system optimized to perform a specific 

mission. Autonomous sUAS platforms are ideally suited to various remote sensing missions. 

7.3.2 Benefits of UAS over Satellite and Crewed Missions 

UAS-based radar systems offer several advantages over satellites and crewed aircraft. 

First, UAS-based radars can achieve finer spatial and temporal resolution than their counterparts. 

This dissertation has already shown the fine spatial resolution achievable by the sUAS-based 

radar, but it also enables fine temporal resolution. The sUAS used in this study requires 

approximately 20-30 minutes between flights to change batteries, upload a new waypoint 

mission, and download part of the data for quick-look processing. By contrast, satellites make 

more infrequent passes. For example, SMAP covered the entire planet every 2-3 days, repeating 

the same swath every eight days. The Sentinel-1 satellites have a repeat cycle of 12 days. As 

discussed in a previous section, soil moisture can vary on a local scale significantly over a few 

hours during and after precipitation. A satellite in a 300 km Low-Earth Orbit (LEO) could 

potentially have a revisit time of 90 minutes for some fixed locations, but it would not provide 

global coverage at that frequency. Global low period coverage could be achieved with multiple 

satellites, but that also comes at a corresponding increase in cost. Crewed aircraft can repeat 

measurements multiple times per day, but the turnaround time between flights is considerably 

longer than for an sUAS. 
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The second advantage of sUAS over satellites and crewed aircraft is the cost of the 

system. Satellites can cost on the order of hundreds of millions of dollars. The design, 

development, launch, and operations of the SMAP mission cost $916 million [71]. The estimated 

operating cost of the SMAP mission is $47 million per year [72]. In contrast, the radar, sUAS, 

and field equipment used in this dissertation cost on the order of tens of thousands of dollars. 

Additional expenses are incurred for the tools, facilities, equipment, and personnel needed to 

design, fabricate, and test the radar. The operating costs for an sUAS are minimal, mostly limited 

to field personnel and transportation costs.  

7.4 Concept of Operations for Agricultural Applications 

It is not difficult to imagine a future in which even modest farms use advanced 

technology to increase the efficiency of their operation. There are many benefits of using an 

automated system that can measure not only soil moisture but also the health of crops. The most 

obvious benefit is being able to apply a targeted treatment of problems discovered, whether the 

solution is applying fertilizer, pesticide, or simply more water. Reducing the resources needed to 

get to a successful harvest increases the bottom line, so it is naturally of interest to the 

agricultural industry. While this is nice for the farmers, it also has the potential to benefit society 

at large. 

In 2015, 42% of the total freshwater withdrawals in the United States – 118 billion 

gallons per day – were withdrawn for use in irrigation, and the consumptive use for all irrigation 

was 63% of the total consumptive use [73]. The arid climate of the western United States means 

that 72% of the U.S. irrigated acres are in the western 17 states [74]. Farms in those states are 

more likely to have irrigation than farms in wetter states. Not all irrigation systems are created 

equal, however. In surface irrigation, fields are essentially flooded, and water flows between 
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rows of crops, soaking into the soil and watering the plants. This method wastes much of the 

water in the form of runoff and evaporation, particularly in arid climates. 

In the early 1970s, many farmers began to use center-pivot sprinkler systems to water 

crops. More recently, farms have started to use more sophisticated sprinklers and drip systems 

that deliver a higher percentage of the water directly to the crops. These types of system are an 

improvement over the traditional flooding method, but it does not eliminate the problem. In the 

San Joaquin Valley in California, the land has subsided 50 cm in the five years 2016-2020 due 

primarily to the high consumption of water by the agricultural industry [75]. The optimal 

solution would be to water each plant with exactly the water it needs. This type of targeted 

method is feasible with UAS technology. As demonstrated in Section 5.4, soil moisture estimates 

can be mapped spatially to the surface with a much finer resolution than that provided by space-

borne sensors. Existing mobile irrigation equipment such as center pivot or lateral move 

irrigation equipment can be modified to allow for fine control of the volume of water dispersed 

to crops as the equipment traverses a field. Finally, volume backscatter estimates can be used to 

determine crop health. 

A successful commercial product will have minimal setup requirements, minimal human 

interaction during operation, and a simple user interface. It is unrealistic to assume that all 

agricultural fields are identical, but the use cases will be similar for operations at similar scales. 

The optimal platform will depend largely on the land area that needs to be measured. Small 

operations will benefit from the VTOL capabilities and ease of use of a multirotor platform, 

whereas the speed and range of a fixed-wing sUAS will better suit large operations. 



195 

 

After the initial configuration of the system for the specific site, the same mission can be 

repeated at any time to collect measurements and examine trends. These measurements can be 

used to trend information about the state of the field.  
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Climate change is having a real impact on lives worldwide. As global temperatures 

increase, crops will consume more water. The widespread practice of surface irrigation is 

unsustainable, and the agricultural industry must transition to targeted irrigation techniques. 

However, the key to enabling such irrigation practices lies in the ability to estimate soil moisture 

content over an extensive area quickly and reliably. There is currently a gap in technology in this 

regard. 

Satellite-based sensors can provide important insights into regional average soil moisture 

but do not provide the spatial or temporal resolution needed by farmers. Satellites are also costly 

and only possible with the support of governments or the largest corporations. Crewed aircraft do 

have the potential to provide the spatial and temporal resolution needed, but they are also cost 

prohibitive and inefficient. For a solution to be adopted globally, it must be both effective and 

affordable. Small uninhabited aerial systems fit the bill. 

The UWB FMCW radar presented in this work is designed to be integrated into an sUAS 

and collect data to estimate soil moisture. An ultra-linear chirp synthesis module is designed and 

implemented to minimize range sidelobes. The 12-16 GHz chirp signal generated with a VCO in 

a phase-locked loop (PLL) with a low-frequency reference chirp generator is down-converted 

using a mixer to produce the 2.5-6.5 GHz output chirp. The baseband chirp frequency and mixer 

LO frequency are chosen to minimize the unwanted mixer signals within the output chirp. A 

UWB antenna is used to obtain the desired gain and beam width over the full range of 

frequencies while being lightweight enough to be mounted on the sUAS platform. A digital 

8 CONCLUSIONS 
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system digitizes the receiver's IF output and logs the INS module's state estimation output. The 

state estimates and radar measurements are synchronized to allow advanced post-processing. 

The radar is integrated with an electric multirotor platform with fully autonomous flight 

capabilities. Missions are pre-planned, waypoints are uploaded to the flight control unit in the 

field, and the radar traverses along the desired flight path with exceptional position accuracy. An 

INS module accurately estimates the aircraft state at 20 Hz.  A pilot-controlled relay toggles 

power to the Tx and Rx LO amplifiers to prevent damage to hardware when the radar is powered 

on close to the ground. The aircraft flies at a ground speed of 3 m/s at altitudes between 75 and 

100 m to meet radar performance requirements. 

A SAR processing code written in MATLAB specifically for this application focuses the 

data and estimates backscatter. The code synchronizes the radar and INS data to geolocate 

measurements accurately. The radar data are resampled to fit a uniform along-track spacing. The 

data are also motion compensated before focusing. An FMCW SAR algorithm is demonstrated 

using the detailed simulation and is shown to perform well in real applications. A manual surface 

detection algorithm is used to determine AGL altitude and accurately geolocate each pixel of the 

focused data. A calibration target in the field serves as a baseline to calibrate all measurements, 

and the backscatter is computed. 

In-situ soil moisture measurements are taken concurrently with radar measurements to 

develop a radar inversion algorithm using linear regression analysis. Results show that a linear 

regression provides a good fit. Soil moisture values are estimated using the regression model, 

demonstrating the feasibility of using the radar for remote sensing of soil moisture. 
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A method for estimating the effects of tall vegetation using a target of known RCS is 

presented. Simulations show that it is feasible to estimate the attenuation of a signal through a 

Rayleigh scatterer and estimate a corrected backscatter coefficient. 

A detailed discussion and analysis of various aircraft are presented. A navigation system 

for remote sensing operations in crewed aircraft and ground-based vehicles is introduced. The 

navigation system is shown to aid pilots in keeping the aircraft within a reasonable distance from 

the desired flight path. 

The basic theory of rotorcraft energy theory is presented and put to use in the energy 

analysis of the design. The effect of weight – and the reduction thereof – on the aircraft's 

endurance is discussed, and several examples of weight reduction opportunities are provided. A 

discussion of hybrid and conventional gas propulsion systems shows that conventional 

propulsion methods are better suited to remote sensing missions than hybrid systems. The 

optimal platform for long-range and long-endurance operation is a fixed-wing sUAS, although it 

requires more care to integrate components such as antennas with the aircraft's structure. Finally, 

a vision of the future of commercial remote sensing of soil moisture is presented, with a 

discussion of automation and the benefits of sUAS over crewed aircraft and satellite-based 

missions. 

8.1 Key Accomplishments 

The following is a list of some of the accomplishments of this work. 

1. A low-cost, ultra-linear chirp synthesizer was designed and implemented in a 

prototype radar using COTS parts. Results show that the output chirp is indeed linear 

and produces a near-ideal point target response.  
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2. A complete FMCW radar is designed and assembled from COTS connectorized 

components. Optical delay line tests in a laboratory show exceptional performance. 

Results from the field campaign prove the feasibility of the radar to make soil 

moisture measurements. It can also be used for measurements over snow and other 

targets. 

3. The radar is integrated with an electric sUAS platform and used to conduct soil 

moisture measurements. The sUAS and payload weigh less than 55 lbf, eliminating 

the need to obtain an FAA waiver. The autonomous flight system allows for precise 

aircraft control at a specified speed along a pre-planned flight path. 

4. Field campaigns were conducted at multiple sites in Tuscaloosa, Alabama. 

Backscatter measurements were collected with the radar concurrently with in-situ soil 

moisture measurements. 

5. A new FMCW SAR processing code was written to focus the radar data and provide 

fine spatial resolution. In addition to focusing the data, the processor also includes 

along-track resampling, a novel approach to synchronizing two sources of state 

estimation at different sampling frequencies, synchronization of INS and radar data, 

motion compensation, manual surface detection, pixel data geolocation, radar 

calibration, and backscatter estimation. 

6. Frequency compounding was implemented by averaging multiple sub-bands to 

reduce speckle in the produced images. Results show that frequency compounding 

can improve the goodness of the linear regression between backscatter and soil 

moisture. 
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7. A method of estimating the attenuation of vegetation was developed. Simulations 

show that the method can give an accurate estimation in the presence of noise. 

8. A novel navigation interface was developed specifically for remote sensing missions 

on crewed aircraft and ground vehicles. The system is shown to help pilots accurately 

fly along the desired flight path. 

9. An analysis of various sUAS platforms for remote sensing is conducted, and a vision 

for the future of agricultural applications is presented. 

8.2 Lessons Learned 

There are many lessons learned throughout the life of this project. 

1. Connectorized components are great for rapid prototyping, but they are not robust 

enough for use in airborne radars without special care to ensure longevity. Radar 

should be designed as a single PCB with soldered components. 

2. Power should be distributed by PCB traces and robust multi-pin connectors. The use 

of cables should be minimized. Ideally, the power electronics and radar electronics 

should be on separate cards connected by a backplane that distributes signals from 

one card to the other. 

3. Soil moisture spatial variations necessitate averaging many in situ measurements in a 

small area to get a representative value. 

8.3 Future Work 

There are a few opportunities for future work to build upon this work and further advance 

the state of the art. 

8.3.1 Radar System 

The first area of improvement is the radar design.  
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1. Fabricate the radar on a single PCB and eliminate connectorized components. This 

will increase reliability, improve signal quality, and significantly reduce the weight 

and size of the system. 

2. Consolidate the power electronics to a single PCB. They should either be on the same 

PCB as the radar or on a separate, stand-alone board connected to the radar via a 

single cable and robust connectors. 

3. Optimize the chirp synthesis module to allow for faster chirp rates. The current chirp 

rate is constrained by the performance of the PLL evaluation board with the VCO. 

Increasing the chirp rate would allow for faster, longer-range flights. 

4. Design new antennas optimized for the measurement frequencies, ideally with a more 

constant gain profile over the frequency range. 

5. Implement real-time onboard processing of radar data. The ability to process data on 

the aircraft or remotely on the ground in real-time would demonstrate that an 

advanced remote sensing system can be made accessible enough for a commercial 

product to be viable. This would also enable the integration of radar measurements 

into the guidance and control algorithm. 

8.3.2 Platform 

The sUAS used in this study is not optimal for this application. There are several ways in 

which changes to the platform can be made, ranging from improvements to the existing platform 

to completely different aircraft.  

1. Reduce the structural weight of the current platform or design a new multirotor 

aircraft optimized for this application. Explore alternatives to the typical electric 

propulsion method to extend range and endurance. 
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2. Integrate the radar into a fixed-wing platform. The integration would require 

miniaturizing the radar to fit within the aircraft's fuselage. The antenna could be 

integrated into the wing and/or fuselage using modern composite materials such as 

Low-E fiberglass and EM-transparent materials such as foam. The PRF of the radar 

would also need to be increased from the current design, as mentioned above, to 

allow for faster cruise speeds. 

3. Utilize differential GPS for maximum precision in state estimation. Use the 

differential GPS measurements in the aircraft’s GNC algorithm to increase the 

position and orientation accuracy and in post-processing to locate radar measurements 

with greater accuracy. 

4. Incorporate radar measurements into the state estimation algorithm to enable features 

such as terrain following. 

8.3.3 Data Processing 

1. Automate the surface detection algorithm to reduce heuristics and increase the 

solution throughput. 

2. Characterize the canopy of a variety of vegetation types. Use the characterization data 

with the vegetation estimation algorithm to compensate for vegetation and recover the 

soil moisture beneath a canopy. 

8.3.4 Operations 

1. Fly at least three parallel lines to collect data at multiple incident angles or fly a single 

line with at least three parallel lines of in situ soil moisture measurements. Flights 

should be conducted such that the in-situ measurements are at different incident 

angles spaced about 10° apart, ranging from 10-30°. A model can then be fitted to the 
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data using the backscatter and incident angle as the independent variables and soil 

moisture as the dependent variable. This will help alleviate some uncertainty in the 

antenna gain correction. 

2. Conduct a similar survey of soil moisture over an agricultural field with crops to 

demonstrate the commercial viability over terrain with periodic surface features like 

tilled soil and crop rows. 

3. Conduct a similar survey of soil moisture beneath a heavily forested area. Utilize the 

proposed vegetation estimation and compensation algorithm to recover the 

backscatter beneath the canopy. Compare results to those obtained without 

compensation. 

4. Establish a field site with permanent instrumentation for in situ measurements. Soil 

moisture probes can be installed permanently at many locations around a dedicated 

field, and a high-precision GPS can precisely locate the probes. Such a facility would 

be an invaluable resource when testing remote sensing platforms. It will also give 

some insight into parameters such as the drying rate and soil moisture trends. 
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This appendix provides the figures produced by processing the data collected at the 

recreation fields at The University of Alabama, as discussed in Section 5.4.1. Each section that 

follows details a specific frequency band, as indicated in the section heading and the figure 

labels. The results discussed previously are also included here for completeness. 

A.1. Sub-band 1: 2.5 GHz – 3.1 GHz 

 

Figure 109. Unfocused, unfiltered, motion-compensated echogram of Pass 1 of the recreation 

field data, for the first frequency sub-band of 2.5 – 3.1 GHz. 

A. FIGURES: RECREATION FIELD FREQUENCY SUB-BAND RESULTS 
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Figure 110. Unfocused, unfiltered, motion-compensated echogram of Pass 2 of the recreation 

field data, for the first frequency sub-band of 2.5 – 3.1 GHz. 

 

Figure 111. Filtered, focused echogram of Pass 1 of the recreation field data, for the first 

frequency sub-band of 2.5 – 3.1 GHz. 
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Figure 112. Filtered, focused echogram of Pass 2 of the recreation field data, for the first 

frequency sub-band of 2.5 – 3.1 GHz. 

 

Figure 113. Calibrated and averaged surface backscatter coefficient of Pass 1 of the recreation 

field data, for the first frequency sub-band of 2.5 – 3.1 GHz. 
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Figure 114. Calibrated and averaged surface backscatter coefficient of Pass 2 of the recreation 

field data, for the first frequency sub-band of 2.5 – 3.1 GHz. 

 

Figure 115. Comparison of the mean surface backscatter coefficient versus incident angle for 

each pass of the radar over the recreation field, for the first frequency sub-band of 2.5 – 3.1 GHz. 
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Figure 116. Comparison of the averaged surface backscatter coefficient versus in-situ soil 

moisture content for the recreation field, for the first frequency sub-band of 2.5 – 3.1 GHz. 
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A.2. Sub-band 2: 3.1 GHz – 3.7 GHz 

 

Figure 117. Unfocused, unfiltered, motion-compensated echogram of Pass 1 of the recreation 

field data, for the second frequency sub-band of 3.1 – 3.7 GHz. 
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Figure 118. Unfocused, unfiltered, motion-compensated echogram of Pass 2 of the recreation 

field data, for the second frequency sub-band of 3.1 – 3.7 GHz. 

 

Figure 119. Filtered, focused echogram of Pass 1 of the recreation field data, for the second 

frequency sub-band of 3.1 – 3.7 GHz. 
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Figure 120. Filtered, focused echogram of Pass 2 of the recreation field data, for the second 

frequency sub-band of 3.1 – 3.7 GHz. 

 

Figure 121. Calibrated and averaged surface backscatter coefficient of Pass 1 of the recreation 

field data, for the second frequency sub-band of 3.1 – 3.7 GHz. 
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Figure 122. Calibrated and averaged surface backscatter coefficient of Pass 2 of the recreation 

field data, for the second frequency sub-band of 3.1 – 3.7 GHz. 

 

Figure 123. Comparison of the mean surface backscatter coefficient versus incident angle for 

each pass of the radar over the recreation field, for the second frequency sub-band of 3.1 – 3.7 

GHz. 
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Figure 124. Comparison of the averaged surface backscatter coefficient versus in-situ soil 

moisture content for the recreation field, for the second frequency sub-band of 3.1 – 3.7 GHz. 

A.3. Sub-band 3: 3.7 GHz – 4.3 GHz 

 

Figure 125. Unfocused, unfiltered, motion-compensated echogram of Pass 1 of the recreation 

field data, for the third frequency sub-band of 3.7 – 4.3 GHz. 



223 

 

 

Figure 126. Unfocused, unfiltered, motion-compensated echogram of Pass 2 of the recreation 

field data, for the third frequency sub-band of 3.7 – 4.3 GHz. 

 

Figure 127. Filtered, focused echogram of Pass 1 of the recreation field data, for the third 

frequency sub-band of 3.7 – 4.3 GHz. 
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Figure 128. Filtered, focused echogram of Pass 2 of the recreation field data, for the third 

frequency sub-band of 3.7 – 4.3 GHz. 

 

Figure 129. Calibrated and averaged surface backscatter coefficient of Pass 1 of the recreation 

field data, for the third frequency sub-band of 3.7 – 4.3 GHz. 
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Figure 130. Calibrated and averaged surface backscatter coefficient of Pass 2 of the recreation 

field data, for the third frequency sub-band of 3.7 – 4.3 GHz. 

 

Figure 131. Comparison of the mean surface backscatter coefficient versus incident angle for 

each pass of the radar over the recreation field, for the third frequency sub-band of 3.7 – 4.3 

GHz. 
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Figure 132. Comparison of the averaged surface backscatter coefficient versus in-situ soil 

moisture content for the recreation field, for the third frequency sub-band of 3.7 – 4.3 GHz. 

A.4. Sub-band 4: 4.3 GHz – 4.9 GHz 

 

Figure 133. Unfocused, unfiltered, motion-compensated echogram of Pass 1 of the recreation 

field data, for the fourth frequency sub-band of 4.3 – 4.9 GHz. 
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Figure 134. Unfocused, unfiltered, motion-compensated echogram of Pass 2 of the recreation 

field data, for the fourth frequency sub-band of 4.3 – 4.9 GHz. 

 

Figure 135. Filtered, focused echogram of Pass 1 of the recreation field data, for the fourth 

frequency sub-band of 4.3 – 4.9 GHz. 
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Figure 136. Filtered, focused echogram of Pass 2 of the recreation field data, for the fourth 

frequency sub-band of 4.3 – 4.9 GHz. 

 

Figure 137. Calibrated and averaged surface backscatter coefficient of Pass 1 of the recreation 

field data, for the fourth frequency sub-band of 4.3 – 4.9 GHz. 
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Figure 138. Calibrated and averaged surface backscatter coefficient of Pass 2 of the recreation 

field data, for the fourth frequency sub-band of 4.3 – 4.9 GHz. 

 

Figure 139. Comparison of the mean surface backscatter coefficient versus incident angle for 

each pass of the radar over the recreation field, for the fourth frequency sub-band of 4.3 – 4.9 

GHz. 
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Figure 140. Comparison of the averaged surface backscatter coefficient versus in-situ soil 

moisture content for the recreation field, for the fourth frequency sub-band of 4.3 – 4.9 GHz. 

A.5. Sub-band 5: 4.9 GHz – 5.5 GHz 

 

Figure 141. Unfocused, unfiltered, motion-compensated echogram of Pass 1 of the recreation 

field data, for the fifth frequency sub-band of 4.9 – 5.5 GHz. 
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Figure 142. Unfocused, unfiltered, motion-compensated echogram of Pass 2 of the recreation 

field data, for the fifth frequency sub-band of 4.9 – 5.5 GHz. 

 

Figure 143. Filtered, focused echogram of Pass 1 of the recreation field data, for the fifth 

frequency sub-band of 4.9 – 5.5 GHz. 
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Figure 144. Filtered, focused echogram of Pass 2 of the recreation field data, for the fifth 

frequency sub-band of 4.9 – 5.5 GHz. 

 

Figure 145. Calibrated and averaged surface backscatter coefficient of Pass 1 of the recreation 

field data, for the fifth frequency sub-band of 4.9 – 5.5 GHz. 
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Figure 146. Calibrated and averaged surface backscatter coefficient of Pass 2 of the recreation 

field data, for the fifth frequency sub-band of 4.9 – 5.5 GHz. 

 

Figure 147. Comparison of the mean surface backscatter coefficient versus incident angle for 

each pass of the radar over the recreation field, for the fifth frequency sub-band of 4.9 – 5.5 GHz. 
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Figure 148. Comparison of the averaged surface backscatter coefficient versus in-situ soil 

moisture content for the recreation field, for the fifth frequency sub-band of 4.9 – 5.5 GHz. 

A.6. Sub-band 6: 5.5 GHz – 6.1 GHz 

 

Figure 149. Unfocused, unfiltered, motion-compensated echogram of Pass 1 of the recreation 

field data, for the sixth frequency sub-band of 5.5 – 6.1 GHz. 
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Figure 150. Unfocused, unfiltered, motion-compensated echogram of Pass 2 of the recreation 

field data, for the sixth frequency sub-band of 5.5 – 6.1 GHz. 

 

Figure 151. Filtered, focused echogram of Pass 1 of the recreation field data, for the sixth 

frequency sub-band of 5.5 – 6.1 GHz. 
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Figure 152. Filtered, focused echogram of Pass 2 of the recreation field data, for the sixth 

frequency sub-band of 5.5 – 6.1 GHz. 

 

Figure 153. Calibrated and averaged surface backscatter coefficient of Pass 1 of the recreation 

field data, for the sixth frequency sub-band of 5.5 – 6.1 GHz. 
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Figure 154. Calibrated and averaged surface backscatter coefficient of Pass 2 of the recreation 

field data, for the sixth frequency sub-band of 5.5 – 6.1 GHz. 

 

Figure 155. Comparison of the mean surface backscatter coefficient versus incident angle for 

each pass of the radar over the recreation field, for the sixth frequency sub-band of 5.5 – 6.1 

GHz. 
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Figure 156. Comparison of the averaged surface backscatter coefficient versus in-situ soil 

moisture content for the recreation field, for the sixth frequency sub-band of 5.5 – 6.1 GHz. 

A.7. Sub-bands 1-3: 2.5 GHz – 4.3 GHz 

 

Figure 157. Unfocused, unfiltered, motion-compensated echogram of Pass 1 of the recreation 

field data, for frequency sub-bands 1-3, spanning 2.5 – 4.3 GHz. 
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Figure 158. Unfocused, unfiltered, motion-compensated echogram of Pass 2 of the recreation 

field data, for frequency sub-bands 1-3, spanning 2.5 – 4.3 GHz. 

 

Figure 159. Filtered, focused echogram of Pass 1 of the recreation field data, for frequency sub-

bands 1-3, spanning 2.5 – 4.3 GHz. 
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Figure 160. Filtered, focused echogram of Pass 2 of the recreation field data, for frequency sub-

bands 1-3, spanning 2.5 – 4.3 GHz. 

 

Figure 161. Calibrated and averaged surface backscatter coefficient of Pass 1 of the recreation 

field data, for frequency sub-bands 1-3, spanning 2.5 – 4.3 GHz. 
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Figure 162. Calibrated and averaged surface backscatter coefficient of Pass 2 of the recreation 

field data, for frequency sub-bands 1-3, spanning 2.5 – 4.3 GHz. 

 

Figure 163. Comparison of the mean surface backscatter coefficient versus incident angle for 

each pass of the radar over the recreation field, for frequency sub-bands 1-3, spanning 2.5 – 4.3 

GHz. 
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Figure 164. Comparison of the averaged surface backscatter coefficient versus in-situ soil 

moisture content for the recreation field, for frequency sub-bands 1-3, spanning 2.5 – 4.3 GHz. 

A.8. Sub-bands 1-5: 3.1 GHz – 5.5 GHz 

 

Figure 165. Unfocused, unfiltered, motion-compensated echogram of Pass 1 of the recreation 

field data, for frequency sub-bands 1-5, spanning 2.5 – 5.5 GHz. 
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Figure 166. Unfocused, unfiltered, motion-compensated echogram of Pass 2 of the recreation 

field data, for frequency sub-bands 1-5, spanning 2.5 – 5.5 GHz. 

 

Figure 167. Filtered, focused echogram of Pass 1 of the recreation field data, for frequency sub-

bands 1-5, spanning 2.5 – 5.5 GHz. 
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Figure 168. Filtered, focused echogram of Pass 2 of the recreation field data, for frequency sub-

bands 1-5, spanning 2.5 – 5.5 GHz. 

 

Figure 169. Calibrated and averaged surface backscatter coefficient of Pass 1 of the recreation 

field data, for frequency sub-bands 1-5, spanning 2.5 – 5.5 GHz. 
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Figure 170. Calibrated and averaged surface backscatter coefficient of Pass 2 of the recreation 

field data, for frequency sub-bands 1-5, spanning 2.5 – 5.5 GHz. 

 

Figure 171. Comparison of the mean surface backscatter coefficient versus incident angle for 

each pass of the radar over the recreation field, for frequency sub-bands 1-5, spanning 2.5 – 5.5 

GHz. 
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Figure 172. Comparison of the averaged surface backscatter coefficient versus in-situ soil 

moisture content for the recreation field, for frequency sub-bands 1-5, spanning 2.5 – 5.5 GHz. 


