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ABSTRACT 

In the last few years, ultra-wideband (UWB) radars have shown great potential for remote 

sensing of the earth, such as measuring snow thickness, soil moisture, and the bathymetry of 

rivers. Unmanned Aerial Vehicles (UAVs) are an attractive alternative to manned aircraft due to 

their low cost and flexibility in installation and operation of ultra-wideband radars. The 

development of drone-based radar systems for remote sensing has been a topic of significant 

research over the last few years.   

Ultra-wideband Frequency Modulated Continuous Wave (FMCW) radars are developed 

in this dissertation for fine-resolution snow and soil moisture measurements. The mm-wave 

transmitted signal is down-converted from 77-81 GHz into 2-6 GHz and the received signal is 

up-converted back to the mm-wave range for digitization and processing. This approach enabled 

us to develop a very lightweight (<1.5 kg) and compact UWB microwave radar. The radar can be 

operated up to 100 m altitude for estimated flight time of more than 25 minutes in Tuscaloosa, 

AL to scan wide areas. The proposed radar has two different versions. The first version used a 

radar transmitter and receiver chains with waveguide components. This design weighs 5.5 lb (2.5 

kg) while the second version is developed with printed circuit board (PCB) up-down converters 

to reduce the weight and size by approximately 40%. In addition, different antenna arrays are 

designed to support the radar.  

The UWB radars including the antenna arrays are tested in the lab and anechoic chamber. 

Also, the whole system was operated in the field at different altitudes, wind speeds, and weather 

conditions to measure soil moisture and snow depth in 2021, 2022, and 2023. The antenna arrays 
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were steered with certain angles and mounted to collect data at nadir and off-nadir-incidence 

angles. Both focused and unfocused Synthetic Radar Aperture (SAR) processors are used to 

process the collected raw data from the radar system. A snow thickness map is generated for the 

flight area in Colorado using an automated snow tracker. The radar results and in-situ 

measurements are compared and they are in good agreement. 
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INTRODUCTION 

Water is the main source for supporting all the organisms on the earth. Even though 70% 

of the earth’s surface is covered by water, but only 2.5% of this water is fresh [1]. Most of the 

freshwater is stored in glaciers in Antarctica, Greenland, or other parts of the world and it is not 

accessible easily. Also, some of the freshwater is stored as groundwater with slow recharge rates 

relative to fast discharge rates [2].  

The world climate change resulting from global warming requires wise management of 

the planet’s resources. For example, approximately 80% of the agricultural lands in the world 

suffer moderate to severe soil erosion, while 10% experience mild erosion [2], [3]. In addition, 

overall warming has directly affected about 36 million square kilometers of snow cover around 

the globe, rapidly changing snow accumulation and melt patterns.  

Extensive winter and early spring snow cover in high-elevation regions, like Grand Mesa, 

Colorado, is a critical water source (surface and groundwater) once seasonal melting commences 

[4]. For effective water resource management, it is important to accurately predict the changes in 

runoff during the seasonal snow melt period, which requires an accurate understanding of the 

snowpack conditions (mainly snow depth and density) around the start of the snow melt season. 

Thus, both fine-scale and large-scale measurements of snow are needed. 

  



 

2 

 

 

 

CHAPTER 1  

 UAV HISTORY REVIEW AND DISSERTATION STRUCTURE 

This chapter details a historical review of UAV history as well as the dissertation structure.  

1.1 History of Earth Remote Sensing 

 

Measuring the soil moisture and snow depth can be performed manually. However, it 

requires a lot of time and labor to cover wide areas. Also, it is very difficult to do these types of 

measurements in heavily vegetated areas or high elevations. Hence, the need for smart 

technological solutions to perform such measurements has been highlighted in the last two 

decades. Theoretically, the radar signal in the microwave region has the capability of penetrating 

through heavy-vegetation and dry snow reaching to the ground surface. The information 

obtained from the radar reflected signal, backscatter, can be used to estimate the soil moisture or 

snow depth as it is varying with different dielectric mediums [5, 6]. Different types of radars 

installed on platforms have been devolved in the last decades to support earth’s resources 

management as well as other applications. Among these platforms, UAVs have recently received 

more attention due to their low cost, ease of installation, and capability to reach inaccessible 

areas by man.  

1.2 Background on UAV 

The idea of demonstrating unmanned flights was discussed early in the 20th century 

when Elmer Sperry received the first military contract for an unmanned flight system to develop 

an aerial torpedo for the US Navy in 1917 [7]. During World War II and the cold war, different 

countries and agencies were involved in a race to develop these platforms mainly for military 
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applications. However, in the last decade, the UAV’s attractive features involve them heavily in 

a wide range of civilian applications, ex., road traffic, remote sensing, smart agriculture, and 

surveillance which have been studied [8]. In addition, UAVs can be used to operate both active 

as well as passive sensors for detection and monitoring. In 2018, the United State Federal 

Aviation Administration (FAA) has more than one million registered UAVs in its record [9]. 

Such huge number of these platforms indicates the growing importance of using them for many 

purposes. In addition, the expectations indicate that the UAV field will offer more than 100,000 

jobs by 2025 [10]. Nevertheless, to control the crowded zones with multiple UAVs, many 

regulations and restrictions have been made by each country’s authorities to avoid any sort of 

accidents. For example, the FAA requires that the maximum UAV flight height is 122 m (400 ft) 

above the ground surface [11] which is the case in the United States, while it may reach to 300 m 

in other countries [12]. Also, the UAV should stay within the line of sight (LOS) with the pilot. 

Many other restrictions on the weight, flying time, areas, and type of equipment it carries are 

also established. Among different types of UAVs, the small UAV (sUAV) which has a total 

payload of 25 kg (55 lb) or less is the most common type used for radar remote sensing 

applications due to its installation flexibility and cost-effectiveness.  

1.3 Motivation and Objectives 

Despite a decent amount of literature described different UAV radar systems for different 

applications, there are still plenty of opportunities that can be used to demonstrate new concepts 

for UAV radars. This dissertation focuses on the development of the UWB, lightweight and 

compact sUAV ultra-wideband (UWB) radar with lightweight antenna arrays for remote sensing 

applications. There are four main objectives in this dissertation: 

1- Design a novel UWB radar for UAVs with a weight of less than 1.5 kg. The radar needs to 
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be a stand-alone system including the digitization, recording units, and power supply. 

2- Design a novel UWB antenna arrays with a gain of 12-15 dBi at the lower frequency band 

with a stable radiation pattern over the entire frequency of interest. 

3- Develop signal processing algorithms to process the radar data including a fully focused 

SAR and chirp non-linearity correction. 

4- Map the air-snow and snow-ground interfaces in Grand Mesa, Colorado, and produce high-

quality echograms as well as a snow thickness map. 

For a UAV radar to effectively measure snow depth or monitor vegetation, three main challenges 

need to be addressed. First, the overall payload of the system needs to be as low as possible; this 

is crucial to extend the flight time of the UAV and reduce power consumption. In Fig. 1.1, the 

flight time of the UAV as a function of the total payload is plotted. The plot does not take into 

consideration other factors such as temperature, altitude, and wind speed. However, it could be 

seen that weight is a critical factor to extend the flight time. However, the flight time can be 

extended for more than 2 hours with a hybrid system being developed at The University of 

Alabama, while the UWB radar still has to be compact and lightweight.  

 
Figure. 1.1 UAV flight time vs. total payload. 

 

 

Secondly, the maximum flight altitude- called the ambiguous range- should be higher 

than the natural obstacles in the field. Typically, in heavily-vegetated areas, trees can reach up to 
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40 m in height. For example, approximately 70 % of Alabama’s land area is forested [13] with 

trees’ height varying between 8 to 47 meters [14]. Thus, to secure safe and easy access for the 

UAV, the radar should have the capability to operate at a sufficient altitude. Finally, the radar 

range resolution depends on its operating bandwidth [15]. Thus, UWB radars with 20% 

bandwidth or more are desirable. Recently, the mm-wave frequency range is heavily used for 

automotive applications. Many manufacturers produced different mm-wave radar evaluation 

boards with different properties for the frequency ranges of 60-64, 62-69, and 77-81 GHz [16], 

[17]. These radars are usually used for short ranges due to the high free space loss associated 

with their small wavelengths. However, they have many attractive features that can be used to 

develop a compact UWB radar if the free space losses are compensated. Thus, this dissertation 

describes a novel method to build UWB FMCW radars using a mm-wave evaluation board to 

obtain a compact, lightweight, and efficient radar for UAV earth remote sensing applications. 

The proposed radar is supported by its own data capture board and PC unit to record the raw data 

directly from the mm-wave sensor. The proposed radar aims to operate at a 100-meter altitude 

and obtain a sufficient signal-to-noise (SNR) ratio. 

On the other hand, UAV radars require special types of antennas to accomplish an 

accurate measurement. The antenna bandwidth needs to cover the radar operating band while the 

gain value should meet the link budget requirements. Furthermore, the radiation patterns should 

be symmetric with low side lobe level (SLL) and grating lobes. To cover these requirements, 

multiple novel antenna designs will be presented in this dissertation. In addition, a 

comprehensive study of the previous antenna designs will also be presented and compared with 

the proposed ones. Finally, the raw data will be processed to produce the radar echograms and 

snow thickness map. 
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1.4 Proposed Methodology 

To fulfill the UAV radar requirements mentioned in the previous section, our approach 

depends on building a compact FMCW radar system with approximately 3.3 lb (1.5 kg) overall 

weight. This will be achieved by using a mm-wave automotive radar evaluation board with its 

data capture board as at these high frequencies these sensors are compact in size with 

lightweight. Radar operating in the 1-6 GHz frequency range has been shown to be very effective 

for snow and soil moisture measurements as will be discussed in detail in Chapter 2. Thus, an up 

and down-conversion systems are developed to down-convert the mm-wave frequency to the 

microwave region and then up-convert it again to be processed by the data capture board. UWB 

antenna array designs will be presented for the UWB  radar system in Chapter 3. Three different 

design structures that have impedance bandwidths of 50%, 83%, and 132% will be introduced. 

The proposed designs achieved a high gain value of 25 dBi. In addition, the 3D geometry 

antennas are used to reduce the antenna footprint. On the other hand, the proposed Vivaldi 

antenna array has a total weight of 50 g only for the four-element array. This is achieved by 

integrating the array’s power divider and antennas on a single board. 

1.5 Structure of Dissertation 

This dissertation details a new approach to build UAV-based radars for remote sensing 

applications and focuses on snow depth measurements. The dissertation is organized as follows: 

the introduction of UAV radars and the motivation for the dissertation is discussed in Chapter 1. 

The Principle of FMCW radar and the development of the two radar generation prototypes are 

presented in Chapter 2. 

Chapter 3 presents different antenna arrays used for UAV radars including the 8×8 DRA 

array, the Vivaldi antenna array, and the ceramic-based DRA array. A dual-band Ku-band patch 
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array and a T-shaped Vivaldi antenna configuration for manned aircraft radar are also presented. 

Chapter 4 details the signal processing algorithms used to process the radar data and 

generate the radar echograms and snow maps for snow depth measurements. Chapter 5 describes 

three field deployments in Tuscaloosa Alabama, and Grand Mesa, Colorado during 2021-2023. 

The conclusion and suggestions for future work are discussed in Chapter 6. 
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CHAPTER 2  

 FMCW RADAR DESIGN AND CHARACTERIZATION 

This chapter starts with providing a review of the recent UAV radar applications and the 

fundamentals of FMCW radar. Then, a description of the technical approach used to develop the 

UAV radars is presented. 

2.1 UAV Radars Literature Review 

As the UAV-based UWB radars exhibit great potential for remote sensing applications 

and provide attractive alternatives to airborne radars, many researchers proposed different radars 

mounted on UAVs for a wide range of applications. Tan et al. [18] designed a UWB radar that 

operates at the frequency range of 1-6 GHz using a one-port Vector Network Analyzer (VNA). 

Their radar output power is 0 dBm and operates at 5-15 m above the surface. An antenna array 

with dimensions of 360 × 480 × 200 mm3 mounted on the UAV is used to support radar 

measurements in Antarctica. A total payload of 3 kg is also reported. Jessen et al. [19] proposed 

lightweight UAV radar systems for snow depth measurements using a Pseudo noise signal 

generator to generate a 5.05 GHz bandwidth signal (0.95 to 6) GHz to be used for snow 

measurements, and the total payload was around 4 kg. The radar is supported by a circularly 

polarized antenna at the transmitter side with a dual-polarized antenna at the receiver side to 

improve the SNR. Similarly, Jenssen et al. [20] presented a scheme for measuring snow water 

equivalent (SWE) using 0.7 to 4.5 GHz UWB signal on a UAV. Also, Wu et al. [21] presented 

another lightweight ground penetrating radar (GPR) for soil moisture measurements based on a 

VNA with a total weight of 1.5 kg and a narrow bandwidth of 200 MHz. In addition, Noviello et 
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al. [22] installed a UWB pulse radar with 1.7 GHz bandwidth on a UAV for radar imaging with a 

flight height up to 10 m. As can be noticed, all of the above references had a limited flight 

altitude (range) that varied between 1 and 15 m. This limitation prevents such systems from 

operating in forested areas.  

Lort et al. [23], alternatively, described a UAV radar operating at 100 m altitude and 

showed a stable ascending velocity for the UAV relative to the nominal track, with a transmitter 

output power of 30 dBm over a 100 MHz bandwidth. In addition, Prager et al. [24] proposed a 

600-2100 MHz frequency range UAV radar for seasonal snow depth measurement in Colorado. 

It showed that with 1.5 GHz bandwidth, the air-snow and snow-surface interfaces could be 

detected with 10 dBm of output power over a meadow and forested areas. The radar’s total 

weight is 1.25 kg and can be operated at 60 m altitude. Also, it needs to fly with a UAV speed of 

1 m/s to enable measurements with sufficient SNR. In addition, Simpson et al. [25] presented a 

UWB, FMCW radar that operates at the frequency range of 2 -6 GHz. It is integrated on a UAV 

for soil moisture measurements and operated at 100 m altitude. The chirp is generated using a 

direct digital synthesizer (DDS), and voltage control oscillator (VCO) with the phase-lock loop 

(PLL). The radar has a high linearity output signal. However, with an overall weight of 5 kg, 

which limited range of operation. On the other hand, LiDARs were used for vegetation 

measurements on UAVs as they have lightweight and compact sizes [26, 27]. However, due to 

their short wavelength, snow measurements with LiDARs need two flights to estimate snow 

thickness, one before and another after snow accumulation. 

2.2 Principle of FMCW Radar 

Radar in general can be classified into two main classes: continuous wave (CW) and 

Pulse radars. The CW is transmitting continually a signal, usually without interruption, while the 
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receiver is continuously receiving the reflected signal from the target. The pulse transmitter, on 

the other hand, emits a sequence of limited-duration pulses, separated by the off-times. While the 

transmitter is off, the receiver is on so that target signals can be detected. Continuous wave 

radars usually use a circulator or a coupler or two antennas to achieve sufficient isolation 

between the transmitter and receiver. Traditional continuous wave radar has a very limited 

unambiguous range of half of a wavelength and it cannot determine the target range because it 

lacks the timing mark necessary to allow the system to time accurately the transmit and receive 

cycle and to convert this into range. Such a time reference for measuring the distance of 

stationary objects, but can be generated using frequency modulation of the transmitted signal. In 

a FMCW radar, the transmitter frequency is changed as a function of time to enable range 

measurements. The transmitted signal is modulated in frequency as shown in Fig. 2.1 and 

equation 2.1. 

                                                      𝑓(𝑡) = 𝑓𝑜 + 𝐵
𝑡

𝜏
      where             0 ≤ t ≤ 𝜏                         (2.1) 

Herein, (𝑓𝑜) is the start frequency, (𝜏) is chirp duration, and (B) is the transmit signal bandwidth.  

 
Figure. 2.1. Typical FMCW radar frequency-time plot. 

 

 

In a FMCW radar, the transmit signal increases or decreases in frequency as a function of 

time while the received signal is a time-delayed and attenuated replica of the transmit signal 
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shown in red in Fig. 2.1. The time delay between the transmission and reception can be also 

converted into a beat frequency, 𝑓𝑏 , signal. The time-delay is given by: 

                                                                         ∆𝑡 =  
2𝑅

𝑐
                                                                       (2.2)                          

Where R is the range to the target in meters and c is the velocity of propagation in m/s. The beat 

frequency depends on the chirp duration, the transmit signal bandwidth, and range (R) as in 

equation 2.3. 

                                                                     𝑓𝑏 = (
2𝑅

𝑐
) (

𝐵

𝜏
)                                                           (2.3) 

Where c is the speed of light in free space. In FMCW radar, time is measuring the differences in 

frequency between the transmitted and the received signals. The radar range (distance between 

the radar and target) is then given by. 

                                                                         R = 
𝑐∆𝑡

2
                                                                             (2.4) 

The range resolution (𝛿𝑅) is the distance between two adjacent samples in the range direction of 

the data matrix, and it depends on the propagation speed and the radar bandwidth. For a 4 GHz 

bandwidth signal, the range resolution is 3.75 cm. 

                                                                                   𝛿𝑅 = 
𝑐

2𝐵
                                                              (2.5) 

2.3 Chirp Generation  

In the last few years, the mm-wave frequencies have garnered more attention due to the 

ability to design compact systems at this high-frequency range. Many radar systems have been 

reported at these frequencies [28]-[32]. However, the limited capability of penetrating through 

different objects limited their applications to automotive applications or range detection. On the 

other hand, the low cost of the mm-wave automotive sensors and the wide operating band of 77-

81 GHz offer new solutions for radar development [33]. Fig. 2.2 shows the simplified system 
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block diagram. A mm-wave radar evaluation board from Texas Instruments (AWR1843) is used 

to generate the wideband chirp signal [16]. To process the collected data from the mm-wave 

sensor, a data capture board (DCA1000) is connected to the system. In this dissertation, two 

different radar prototypes are presented. The first version is a connectorized version while the 

second one is a PCB version. On the other hand, the main reasons to select the automotive radar 

evaluation board to generate the chirp for the proposed radar over the traditional PLL and VCOs 

are: 

1- The fast sweep time. The PLL and VCOs have an average sweep time of 1 ms. This result 

was shown by Simpson et al. [25]. In general, if the sweep time is reduced for the PLL and 

VCOs, the chirp linearity degrades. Automotive applications require fast chirp to sample 

Doppler frequency properly at mm-wave frequencies. Basically, most of the automotive 

radars have a sweep time of 60-200 𝜇s [33], [34]. We have exploited this attribute to develop 

a system that can operate both slow and fast-moving platforms. 

2- Compact size. The compact size of automotive radar boards gives the advantage of building a 

lightweight radar, as briefly mentioned in the introduction. The described system in this 

proposal is to demonstrate the concept of using a mm-wave radar chip to develop a compact 

size and lightweight microwave radar to measure soil moisture and snow measurements.  

3- Low power consumption. Typically, the mm-wave board is tested in the labs and it draws 1 A 

current with a 5 V supply. This is still considered low relative to the PLL and VCOs. 

4- The data capture board. This mm-wave automotive radar provides a DSP processor to record 

data from the sensor. This results in an efficient way to record the data for further processing 

without using additional digitization hardware. In other radar designs, a wireless Ethernet 

connection is usually used to transfer the data. However, this can be only used if the flight 
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altitude is very close to the ground and the data rate is low. If high-altitude flights are needed 

to cover wide areas, then such approach is not sufficient. However, this is not a major 

limitation as a very fast, compact, and lightweight digitizer is available now. 

5- Novelty. This proposal is proposing and validating a new concept. The use of PLL and VCO 

was proposed since 2003 and extensively investigated as several airborne systems were 

developed and successfully flown on many aircraft [35]-[37]. 

2.3.1 First-Generation Radar Prototype with Connectorized Components 

This is a proof-of-concept version of the radar. Herein, E-band waveguide mixers and 

power divider with WR-12 ports are used to interface the mm-wave sensor. Also, a local 

oscillator is used to down-convert the mm-wave signal to the desired IF frequency range. After 

the signal is down-converted, it is amplified, filtered, and supplied to the transmit antenna 

through a 3-dB attenuator. The attenuator is used to reduce the multiple reflections between the 

antenna and the next RF component in the chain.  

 
Figure. 2.2 Block diagram of the proposed radar system. 

 

 

Radar power supply 
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The interface between the mm-wave board and the designed system is performed by 

cutting the trace of the transmitter and receiver antenna arrays and inserting a 50 Ω coplanar 

waveguide (CPWG) on top of the evaluation board as illustrated in Fig. 2.3. The connection is 

then performed using wire bonding and attached on the side of the board to supply the signal to 

the mixer for down-conversion into the microwave range. There are several reasons for using the 

E-band waveguide components to build this radar. First, at the mm-wave frequencies, the 

corresponding physical size of the waveguide is very small. For example, the mixer is 1×2×1 

cm3 with (0.8 oz= 22.7 g) weight only (part no. SFB-12-E2). The heaviest waveguide component 

in this radar is the LO with (3 oz= 85 g). These weights do not affect the UAV performance, 

especially the X6 drone that can fly with a total payload of 55 lb. 

 

  
(a) (b) 

Figure. 2.3 (a) mm-wave evaluation board with the Tx and Rx interfaces (b) radar prototype and 

connections. 

 

 

Secondly, the losses in the mm-wave waveguides are negligible, unlike the other 

available PCB components. Third, the impedance matching between the waveguide components 

is better as all of them have WR-12 RF port, which is an efficient port at this high-frequency 

range. Finally, the waveguide version of the mixer has high IP3 point with high shielding and 
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isolation. Four different voltages- 3.3, 5, 8, and 12 V- are required to power the electronic 

components. To prevent the receiver saturation with high received power from short ranges, a 

relay channel is added to turn on/off the radar amplifiers. The relay channel is connected to a 

trigger with +3.3 V installed on the UAV and will be activated remotely from the remote 

controlling unit of the UAV after it reaches 40 m height from the ground level. The radar has its 

own independent Li-ion batteries (3 and 6 cells) to supply 24 and 12 V. The radar box is shown 

in Fig. 2.4. The total box dimensions are 35 × 15 × 15 cm3. The power supply and RF system are 

housed in a metal box and separated with a metal sheet to mitigate potential interference, as 

illustrated in Fig. 2.4.  

  

 

 
Figure. 2.4 UAV Radar installation in a radar box. 
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2.3.2 First-Generation Radar Prototype Lab Test 

Fig. 2.5 shows the radar chirp characterization results for the frequency range 3.25-5.15 

GHz. The 1.9 GHz bandwidth was initially selected as it shows the best linearity performance. 

The frequency spectrum shows an output power level of 10 dBm over the operating band, as 

shown in Fig. 2.5(a). The time-domain transmit signal has on and off sweep times of 150 and 5 

μs, respectively as illustrated in Fig. 2.5(b). The mm-wave evaluation board has the ability to 

generate a fast chirp with on-sweep time of 60 μs. However, the selected sweep time was chosen 

based on the chirp linearity level and to allow for more samples to be included. The integrated 

radar’s overall performance is evaluated using a 100 m optical delay line connected between the 

transmitter and receiver after adding 62 dB total attenuation (32 dB from the optical delay line 

and 30 dB external attenuation). This attenuation is equivalent to the free space loss at 

approximately 100 m distance from the target without considering the antenna’s gain. The 

optical delay line length is 100 m and the shift in the received signal to 107-110 m is due to 

adding extra cables either at the RF or IF bands during each test. In the FMCW radar, the beat 

frequency signal obtained a sample of the transmit signal with the received signal (which is 

accomplished in the mm-wave radar chip) that is directly proportional to the target range. The 

beat frequency signal from the radar chip is digitized and processed to obtain target range and 

reflectivity characteristics. The time-domain signal containing beat frequencies proportional to 

the range is weighted with a Hanning window before Fourier transformation to reduce range 

sidelobes. The Hanning window degrades the resolution by a factor of approximately 1.4, 

however, it reduces the sidelobes to -31 dB for the ideal signal instead of -13.5 dB for the 

rectangular window [38]. The resulting frequency data provide range and reflectivity information 

and the ideal Hanning window is compared with the radar signal in Fig. 2.5(c). Fig. 2.5(d) shows 
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the spectrogram of the time domain chirp over the bandwidth. The radar chirp has a low non-

linearity, which represents the average of deviation between the spectrogram line and a linear 

line from the start and end frequencies of the chirp. We have used this configuration in the radar 

for the 2021 field experiment in the arboretum area, Tuscaloosa, Alabama. These results are also 

reported in Abushakra et al. [39]. 

  

(a) (b) 

  

(c) (d) 

 

(e) 

Figure. 2.5 Chirp characterization 3.25-5.15 GHz with 10 dBm output power (a) output chirp 

frequency spectrum (b) time-domain (c) optical delay line impulse response (d) spectrogram (e) 

A-scope from TI software interface for the delay line test. 
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To extend the radar operating band, we customized connectors and cables that can 

operate up to 90 GHz (1.35 mm) to cover the operating band to the frequency range of 2.8-5.8 

GHz, these cables and connectors have also lower losses. This allows us to improve our range 

resolution and decrease the radar transmit power to 3 dBm to perform successful measurements 

over snow in Grand Mesa, Colorado during March-April-2022. The chirp duration is increased to 

250 μs. Fig. 2.6 shows the radar frequency output signal operating from 2.8 to 5.8 GHz with 3 

dBm output power and the A-scope for the 100 m optical delay line attenuated with 62 dB. It 

could be seen that a SNR of 45-50 dB is achieved. As a tradeoff, the radar output signal linearity 

got degraded. However, we will discuss how to correct the transmitter non-linearity in the post-

processing in Chapter 4. 

 

 
                                      (a)                                                                       (b) 

Figure. 2.6 Chirp characterization 2.8-5.8 GHz with 3 dBm output power (a) output chirp 

frequency spectrum (b) optical delay line impulse response. 

 

 

2.3.3 Second-Generation Radar Prototype with PCB Layout 

In the second version of the radar, a PCB board interface is added on the top of the 

awr1843 board as shown in Fig. 2.7. The substrate is RO 3003 with 5 mil thickness and 0.5 oz 

copper cladding. The interface board has the HMC1058 mixers, power divider, SMA connectors, 

and local oscillator SMA connector. The mm-wave antennas on top of the TI board were 
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removed and the new interface board was placed where the traces of the TI board are aligned 

with the interface board traces. The mixer is wire bonded with 1 and 3 mil ribbon wire gold 

using a wire bonding machine. This interface allows us to reduce the radar box size to 25 × 18 × 

12.5 cm3 and the weight to 3.3 lb (1.5 kg) to extend the UAV flight time. 

 
(a)                                                (b) 

 
(c) 

Figure. 2.7 Radar prototype (a) second radar prototype Layout simulation (b) second radar 

prototype fabrication and installation (c) first and second radar prototype boxes. 
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2.3.4 Second-Generation Radar Prototype Lab Test 

The output signal of the transmitter mixer is amplified and filtered. The output power has 

a negative slope of 6 dB so we added an equalizer to flatten the output power at 0 dBm. Similar 

to the first prototype radar, a SNR of 45-50 dB is achieved with a 62 dB total attenuated 30 m 

cable long we used as a delay line. The second prototype operates using the full 4 GHz 

bandwidth from 2.2-6.2 GHz with 250 μs chirp duration. The inter-modulation is below 35 dB.  

 

    
 

Figure. 2.8 Chirp characterization 2.2-6.2 GHz with 0 dBm output power (a) output chirp 

frequency spectrum (b) 30 m delay line impulse response. 

 

 

2.4 Radar Link Budget 

For the link budget analysis, two possible scenarios were taken into consideration in our 

test: the nadir case and the 20o off-nadir case. Assuming that both the transmitter and receiver 

antennas are identical and the gain (G) of each of them at the center of the operating band is 15-

17 dBi. The distance between the antennas is set to be 1.3 m to achieve an isolation of -60 dB 

within the operating band. 

 For the nadir case, the received power from a point target at range R is assuming the 

transmitter and receiver antennas are identical. 
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                                                              𝑃𝑟 =
𝑃𝑡𝐺2𝜆2 𝜎

(4𝜋)3 𝑅4
                                                          (2.6a) 

Where 𝑃𝑟 is the power received from the target in Watts, σ is the radar cross section in 𝑚𝑒𝑡𝑒𝑟2, 

𝑃𝑡 is the transmitter power in Watts,  R is the radar range in meters,  G is the antenna gain and 𝜆  

is the radar wavelength in meters. The equation is modified for a perfect planar reflector as  

                                                       𝑃𝑟 =
𝑃𝑡𝐺2𝜆2 |Γ|2

(4𝜋)2 (2𝑅)2
                                               (2.6b) 

The signal-to-noise ratio for a planar reflector is given by (2.7) [15] [40]: 

                                                     𝑆𝑁𝑅 =
𝑃𝑡𝐺2𝜆2 |Γ|2

(4𝜋)2 (2𝑅)2𝐾𝑇𝐵𝑁𝐹
                                                  (2.7) 

 

 where K is Boltzmann constant, T is the temperature in kelvin, B is the IF bin width, Γ is 

the reflection coefficient, and NF is the noise figure of the receiver. For a distributed target, the 

radar equation is modified as:  

                                                      𝑃𝑟 =
𝑃𝑡𝐺2𝜆2 𝜎𝑜 𝐴

(4𝜋)3 𝑅4
                                                           (2.8)                                  

For a distributed target the radar cross-section is related to the illuminated area, A, and radar-

cross-section per unit area as:  

                                                                        𝜎 = 𝜎𝑜𝐴                                                             (2.9) 

With unfocused Synthetic Aperture Radar (SAR) processing in the along-track direction and 

pulse-limited case in the range direction, the illuminated area, A, at the incidence angle, 𝜃, can be 

determined as: 

                                                           𝐴 = 0.5√𝑅𝜆 
𝑐

2𝐵 sin (𝜃)
                                                  (2.10) 

      Herein, 𝜃 is the incidence angle in radians or degrees. The signal-to-noise for unfocussed 

SAR is given by:  
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                                                         𝑆𝑁𝑅 =
𝑃𝑡𝐺2𝜆2𝜎𝑜𝐴

(4𝜋)3𝑅4𝐾𝑇𝐵𝑁𝐹
                                                  (2.11) 

 Based on the link budget analysis, the transmitted signal is amplified to the range 

between 3-10 dBm. This power level is sufficient to obtain approximately 45 dB of SNR for the 

nadir case from the water surface at 100 m altitude. This represents the maximum possible 

received signal which should be taken into consideration when designing the radar to avoid 

receiver saturation. Also, the SNR for the off-nadir case from a dry ground surface is about 15 

dB. Table 2.1 summarize the link budget for the nadir case. 

Table 2.1 The link budget summary for the first-generation radar prototype 

Parameter Value Unit Parameter Value Unit 

Transmit power 10 dBm 20 log10(4𝜋) -21.97 dB 

IF bandwidth (B) 1.9 GHz 20 log10(2𝑅) -46.02 dB 

Tx and Rx antennas gain 15 dBi Receive power -46 dBm 

20 log10 (𝜆) -22.49 dB ----- ---- ---- 
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2.5 Radar Design and Implementation on UAV 

For the field measurements, the radar system is installed on the Dragon X6 multirotor 

UAV manufactured by XFold, as shown in Fig. 2.9. The UAV empty payload is 30 lb while the 

UAV batteries are 10 lb, and the total payload is 55 lb.  

 
 

Figure. 2.9 The CAD model for the radar installation on the UAV with the antennas. 

 

 

The flights are performed autonomously using a wave points navigator. The speed of the 

UAV is set to be 3 m/s. This speed gives sufficient stability in the flights and allows for more 

chirps to be averaged coherently as the maximum number of coherently averaged chirps is 

inversely proportional to the speed [41].  

The radar’s overall weight is 2.5 kg for the first prototype, while the RF part weighs 850 

g only. The radar weight details with all accessories and supporting components for the first 

prototype are listed below: 
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1) Small commercial PC running Windows 10: This PC weighted about 770 g, but it is very 

useful to control and monitor the radar in a very fast way. Also, the automotive board needs to 

be connected to a PC in the radar box to record the raw data.  

2) Custom power supply: The different components of the RF part, fans, and the PC need 

different voltages and current sources. Thus, we have 4 small PCB boards with different 

outputs to feed the radar system. The weight of the total power supply is about 250 g. 

3) Two fan units with 1-inch diameter for air cooling: As we separated the RF part from the 

power supply using a metal sheet in the same box, we need to have two fans blowing the air 

in opposite directions for an efficient cooling system. Each fan weighed 80 g. 

4) Radar box: The metal box material is mainly an aluminum sheet with 0.625 mm thickness. 

Based on the aerodynamic calculations, the selected thickness and supporting rods for the 

radar box achieved the minimum safety requirements while keeping the weight as low as 

possible. 

5) Four mounting kits: These four mounting kits are used to mount the radar box on the drone. 

Their total weight is 120 g. 

6) Two power switches connected to an LED: These switches are used to control the input power 

for the radar in the appropriate sequence. The first switch will be connected to the 24 V 

source. This switch will turn on the PC to start the radar configuration. Then, the second 

switch will enable the 12 V source to turn on the automotive board. After that, the amplifiers 

will be turned on by a relay channel installed in the power supply.  

With this system, our drone successfully performed many flights with about 25-30 

minutes for each flight. For the second radar prototype, the overall weight is 3.3 lb (1.5 kg), 

where most of the weight reduction is achieved by removing the up/down conversion 
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components, using the PCB interface board, and a lightweight PC board to operate the TI 

software and record the data. 

 

Figure. 2.10 The first radar prototype flight test in the field in Tuscaloosa, 2022. 

 

 

Figure. 2.11 The second radar prototype flight test in the field in Colorado, 2023. 
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CHAPTER 3  

 ULTR-WIDEBAND ANTENNA ARRAYS FOR UAV RADARS 

The radar sensitivity is proportional to its power-aperture product. Thus, the design and 

development of an optimized antenna array is a major requirement in developing low-power 

UWB radars. Optimized antenna arrays are designed, developed, and integrated into the system 

as a part of this dissertation. The dielectric resonator antenna (DRA) is used as it is one of the 

preferred candidates for a wideband and high-gain antenna because of its compact size, wide 

bandwidth, and high efficiency. First, a 64-element rectangular dielectric resonator antenna 

(RDRA) planar array with (8×8) arrangement is designed and developed. The array provided 

very good shielding for the large feeding network while keeping a 50% impedance bandwidth 

with a symmetric radiation pattern and stable gain value over the frequency of interest. The 

mechanical structure was strong and easy to integrate into UAVs and manned aircraft. The 

second design is a lightweight ceramic-based RDRA array with 83% impedance bandwidth with 

a metal back reflector to suppress the back-lobe radiation from the feeder and to install the 

antenna on the UAV.  

Finally, an ultra-wideband improved radiation patterns and high-gain coplanar Vivaldi 

antenna (CVA) linear array with a 4×1 arrangement is introduced. The E-plane gratings lobes at 

higher frequencies are suppressed by placing a low-profile DPA (dielectric patch antenna) at the 

aperture between the two tapered slots. The transverse electric (TE) modes with omnidirectional 

radiation in the DPA are generated for a wideband frequency range using the surface current of 

the CVA. The Side Lobe Level (SLL) and grating lobes are suppressed by 5-10 dB over the 
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operating band, where the distance between the elements over-exceeds the guided wavelength. 

Furthermore, slots with exponential formulas are created in the array geometry to reduce the 

mutual coupling.  

3.1 UAV Antennas Review and Requirements 

The radar transmitter sends the transmit signal as electromagnetic wave (EM) waves 

through the transmitter antenna. Then, the reflected wave from an object is captured by the 

receiver antenna. The radar can have two separate antennas in a “bi-static” radar, where the 

transmitter and receiver have different antennas, or a “mono-static” radar where there is only one 

antenna for the transmitter and receiver. In this case, a switch is needed to direct the transmit 

signal from the transmitter to the antenna and the received signal from the antenna to the 

receiver.  

Modern radar systems such as FMCW radars require a broad bandwidth for better range 

resolution [15]. Thus, the supported antennas for the radar should cover the operating frequency 

band. Recently, as radars on sUAV have been widely used for a wide range of remote sensing 

applications, including measuring soil moisture and ice thickness [18-20], designing a suitable 

antenna for such applications became a more crucial topic. The challenges in designing a UAV 

radar antenna are that the antenna must have high gain and broad bandwidth. Also, it should have 

a lightweight, compact form factor, and mechanical robustness to avoid any damage caused by 

the UAV vibration. Many types of antennas are widely used as a traditional solution to achieve 

these requirements, such as horn, Vivaldi, and cavity-backed antennas [42-44].  

The horn antenna can achieve high gain with wide bandwidth. However, the narrower 

main beam in the radiation patterns requires a larger aperture area at the opening end. In 

addition, the size and weight of the horn antenna make it difficult to mount on a sUAV, 
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especially at the lower frequency range. Phased array antennas are usually a good choice for 

communications and radar applications. However, their complex feeding networks limit the 

ability to develop a large number of elements without sacrificing the overall weight and size 

[45], [46]. The cavity-based antenna can be used in wideband applications, but the cavity spacing 

will be larger at the lower frequency bands which requires complex designing methods to 

miniaturize a large array [47].  

Among many different types of antennas that have been reported in the literature, the 

DRA has several attractive features such as wide bandwidth, high gain, high efficiency, and low 

losses, which make it an excellent candidate for many applications [48]. The DRAs features got 

attention to be exploited in radar applications many years before [49]. However, the interest in 

DRAs revived because of the recent advances in fabrication methods and the availability of 

many new dielectric materials with enhanced properties. 

On the other hand, Vivaldi antenna can have as wide as 22:1 of impedance bandwidth 

[50], [51]. However, the main challenge in designing a Vivaldi antenna is to maintain stable 

radiation patterns at the higher end of the operating frequency band where the antenna works as a 

travelling wave radiator. 

In this chapter, three different designs for UWB UAV radar antenna arrays are explored, 

designed, simulated, fabricated, and tested for UAV radar experiments. The first design is an 8 

by 8-element RDRA with 50% impedance bandwidth. Then, a smaller and modified version of 

the first array is presented with ceramic-based RDRA to achieve 83% of impedance bandwidth. 

Also, a Vivaldi array with 132% impedance bandwidth and a gain of up to 25 dBi is presented. 

Finally, other related antenna works for radars are discussed including the design of a T-shaped 

Vivaldi antenna configuration and a Ku-band antenna array for manned-aircraft radar. 
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3.2 Dielectric Resonator Antenna (DRA) 

             In this section, a wideband, low-profile, and high-efficiency 64-element RDRA planar 

array with (8×8) arrangement is introduced. The proposed array shows very good shielding for 

the large feeding network while keeping a 50% bandwidth with symmetric radiation patterns, 

high gain value over the frequency band of interest, high Front-to-Back (F/B) ratio, and strong 

mechanical structure that could be mounted on a UAV or airplane. Also, a modified version of 

the RDRA array with (8×1) arrangement will be designed to extend the bandwidth up to 83%. 

3.2.1 (8×8)-element RDRA Array with Stripline Feeding 

As the DRA radiates through the whole surface, it is important when designing a large 

array to make sure that the feeding network is isolated from it to prevent higher cross-

polarization level. In [52], the DRA was placed on the top side of the substrate and directly on 

the ground plane with a microstrip feeding network on the other side of the substrate. The design 

achieved a wide bandwidth up to 76% for a 16-element array. However, the F/B ratio was 

around 10 dB. The F/B ratio was improved by adding a reflector on the back side of the substrate 

with sufficient distance to ensure that the matching was not affected, Nikkhah et al. [53]. 

However, this approach increased the overall height of the array. Moreover, in S. Tang et al. 

[54], a low-profile DRA was fed by slot aperture for a 4 × 1 array. The feeder and substrate were 

isolated by a ground plane to achieve 15 dB of F/B ratio yet with a narrow bandwidth of 17% 

from (4.35 to 5.37) GHz. Therefore, a stripline feeder for an array could provide a good solution 

for reducing the interference between the radiators and the feeder as well as between the feeder 

and the other electronic components of the RF system.  

In the beginning, a single-element RDRA is designed using Rogers RO 3010 material 

with relative permittivity of 10.2 and dielectric loss tangent of 0.003. The RDRA has a square 
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base with an area of a2 and height b with 13.6 and 11.5 mm, respectively, as shown in Fig. 3.1. 

Two different substrates are used for the feedline. The upper substrate material is Rogers RO 

4350 with relative permittivity of 3.66, dielectric loss tangent of 0.004, and thickness of 1.524 

mm. The lower substrate is Rogers RT / Duroid 5880 with relative permittivity of 2.2 and 1.575 

mm thickness. 

 

  
(a) (b) 

Figure. 3.1 RDRA geometry (a) 3D view with fabrication (b) top view. 

 

 The connection between the feeder and the vertical strip (W=2.7 mm, L=5.77 mm) at the 

front face of the RDRA is conducted using a cylindrical probe with a radius of 0.5 mm. This 

probe passes through a circular ground-cleared area created at the upper ground plane with 1.7 

mm radius. Another ground plane with (30×30) mm2, is assigned under the lower substrate to 

reduce the back-lobe radiation. The feeder’s dimensions are W1, W2, L1, and L2 which correspond 

to 2.67, 5, 17.3, and 3.1 mm, respectively. The electromagnetic simulation is conducted with 

ANSYS HFSS 2020 R2 [55]. The results show that the -10 dB reflection coefficient covers the 

frequency range from 4.21 to 6.45 GHz, while the peak realized gain is varied between 4 and 7 

dBi across the operating band. The measured and simulated results are in fairly good agreement. 

An average radiation efficiency of 95% is achieved throughout the frequency band of interest, 
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which is one of the main features to build an array with large number of elements with an 

integrated feeding network, as shown in Fig. 3.2.   

  
(a) (b) 

Figure. 3.2 Single-element RDRA (a) reflection coefficient and gain (b) radiation efficiency. 

 

Fig. 3.3 shows that the main lobe is directed along the +z axis. A low cross-polarization 

level of -20 dB and about 12 dB F/B ratio are observed at the yz-plane. The cross-polarized 

component at the xz-plane is less than -50 dB and is not shown in Fig. 3.3(b). 

 

  

 

(a) (b) 

Figure. 3.3 Radiation pattern of the single element RDRA at f= 4.6 GHz (a) yz-plane (b) xz-

plane. 
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 Fig. 3.4 shows the electric field distribution. Two resonant modes are observed across the 

frequency band of interest. The dominant TE1𝜹1 mode starts from the beginning of the operating 

band until the second resonance at f=6.3 GHz where the TE2𝜹1 starts to propagate [56].  

  

 

(a) 

  

(b) 

Figure. 3.4 The electric field distribution in vector format (a) f= 4.6 GHz (b) f= 6.3 GHz. 

 

 

In order to design a large array from the single RDRA design, the distance between the 

elements should be taken carefully into consideration. In the array radiation, the side lobes are 

the result of interference from nearby radiating elements. In general, to suppress the occurrence 

of these grating lobes, one has to make sure that the distance between the elements should be 

smaller than one wavelength and not less than half wavelength throughout the band. However, 

for wideband antennas, an appropriate element spacing needs to be determined by placing 

multiple single RDRAs excited independently alongside each other as shown in Fig. 3.5(a). 

Mutual coupling is the measure of how much electromagnetic energy is coupled to each element 

and can be quantified with the scattering parameters, |Sij| where i and j are indexes of each 

element (i≠j).  
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After applying a parametric sweep over the distance between the elements, it is observed that at 

25 mm of spacing, the mutual coupling between the neighboring elements through the frequency 

of interest is less than -13 dB except it reaches to -11 dB at f=5.4 GHz, as shown in Fig. 3.5(b). 

Also, the inter-element mutual coupling represented by the |S23| parameter shows the same level 

as the edge-element mutual coupling, |S12|. Thus, each DRA is spaced apart by the observed 

distance in both directions in the 2D array design to achieve more symmetrical radiation patterns. 

 

 

(a) (b) 

Figure. 3.5 (a) single excitation neighbor elements RDRAs (b) mutual coupling. 

 

A cooperate stripline feeding network is designed to excite the 64-element RDRA array, 

as shown in Fig. 3.6(a). The multi-section power divider is shown in Fig. 3.6(b). The dimensions 

of the feeder are W2, W3, W4, W5, L3, and L4 which correspond to 3.2, 1.5, 1.95, 0.25, 39.3, and 8 

mm, respectively. The overall size of the array substrate is 215×215 mm2, which corresponds to 

(2.7𝜆𝑜 ×2.7𝜆𝑜) which is considered relatively small compared to the large number of elements at 

this frequency range. As could be seen, the upper ground plane has the same size as the substrate 

while the lower ground has a smaller size of 195×193 mm2. The total capacitance of the stripline 

is a summation of the parallel-plate capacitance (Cp) and fringing capacitance (Cf) [57]. The (Cf) 
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value will vary if the lower ground size is changed which affects the characteristic impedance. 

However, the (Cp) value stays the same as long as the lower ground plane covers the conductor 

in the middle, which is the case in this design. By reducing the ground size, the input impedance 

is slightly increased to match the 50 Ω port over the band. The overall weight of the 8×8-element 

array is 650 g. 

 

 

 

(a) (b) 

 

Figure. 3.6 Geometry of the (8×8) planar array (a) 3D view with the fabricated array (b) feeder. 

 

 

Fig. 3.7 shows the -10 dB reflection coefficient from 3.79 to 6.29 GHz, achieving 50% 

impedance bandwidth. The full ground plane at the bottom side of the lower substrate 

significantly degrades the overall matching. Also, a smaller ground plane allows the feeder 

radiation to adversely affect the close components of any RF system connected to the antenna, 

which illustrates the importance of choosing the appropriate dimensions of the ground plane to 

achieve the optimum bandwidth [58]. The peak realized gain varies between 18 and 22 dBi 

throughout the band as shown in Fig. 3.8(a). Some ripples in the gain value with respect to the 
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frequency show within the operating band. However, the mean value of the gain is increasing 

from the lower to the upper-frequency band, as the distance between the elements will increase 

with respect to the guided wavelength. The average radiation efficiency is 85% across the 

frequency of interest, as shown in Fig. 3.8(b). This efficiency is considered high compared to 

(8×8) array [59]. Although some discrepancies between the simulated and measured results come 

from the tolerance in the fabrication process, the measurement and simulation are still in fairly 

good agreement. The radiation patterns for the 64-element array are plotted for different 

frequencies in Fig. 3.9. The results show that the cross-polarization level is less than -25 dB in 

the yz-plane and -50 dB in the xz- plane in the operating band. The side lobe level (SLL) is 

between -15 and -18 dB for both the yz and xz-plane. The HPBW varies between 13o to 18o 

degrees while the F/B is around 20 dB through the frequency of interest. The symmetry in the 

radiation at the yz-plane is excellent but it is slightly less at the xz-plane as the RDRA has a 

higher electrical field intensity at the vertical strip side as illustrated in Fig. 3.4. 

 

Figure. 3.7 Reflection coefficient of the 8×8 proposed planar RDRA array. 
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(a) 

 

(b) 

Figure. 3.8 (8×8) planar array (a) peak realized gain (b) radiation efficiency. 
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(yz-plane) (xz-plane) 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure. 3.9 Radiation patterns for the (8×8) RDRA planar array at different frequencies (a and b) 

f=4 GHz, (c and d) f=5.1 GHz, and (e and f) f=6.1 GHz. 

 



 

38 

 

3.2.2 (1×8)-element Ceramic-based RDRA  

 This section presents a modified version of the previous array. In this design, a ceramic-

based RDRA array is designed to achieve 83% of impedance bandwidth with stable radiation 

patterns throughout the frequency band of interest. Fig. 3.10 shows the geometry of the proposed 

RDRA antenna array. Similar to the 8×8 design, the RDRA is situated on the top side of the 

substrate and the microstrip power divider is on the backside to isolate the feeding network 

spurious radiation.  

Herein, only one substrate is used and a metal reflector is placed at the lower back of the 

substrate for improving the F/B ratio and allowing for the mounting on the UAV. The RDRA 

material is TMM10 with a relative permittivity of 9.2. To support the radar frequency range 

extending from 2.5 GHz to 6 GHz, the 14 mm-thick RDRA is designed.  

The power divider substrate is built with Rogers RO 4350 with relative permittivity of 

3.48, and the metal back reflector is placed 10 mm below the array. The RDRA block is made 

with three dielectric blocks. Two of these three blocks are of the same thickness (6.25 mm), and 

one is 1.52 mm thick. The trapezoidal conductive strip is milled on the front face of the first 

ceramic layer and connected to a probe. The overall weight for this design is 255 g with a 

footprint of 250×100 mm2, which is considered suitable for the UAV. The proposed array’s 

optimized dimensions are shown in Fig. 3.10 with fabrication.  

Fig. 3.11 shows the measured and simulated results of the antenna array. A comparison 

of the antenna array's measured and simulated reflection coefficients is shown in Fig. 3.11(a). 

The results show that the array covers the frequency band of 2.5-6 GHz, with 83% impedance 

bandwidth. Fig. 3.11(b) shows the measured and simulated gain of the antenna array.   
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The peak realized gain varies from 12 to 14 dBi. The radiation efficiency (Fig. 3.11(c)) is 

about 95% through the band. The differences between the simulation and measurement are due 

to the fabrication tolerance of the DRA, where we used a glue material to attach the DRA. 

 

 

 

Figure. 3.10 The geometry of the (8×1) RDRA array with the fabricated prototype. 

   

 

 The radiation patterns are plotted in Fig. 3.12 for different frequencies. The sidelobe level 

(SLL) is approximately -15 dB with very good symmetry around the main beam. The E-plane 

half-power beamwidth (HPBW) varies between 19֯ and 12֯ over 2.5-6 GHz. In addition, the F/B 

ratio is better than 15 dB throughout the frequency of interest.  

 Also, it was found that the cross-polarization level is better than -25 dB. The measured 

and simulated radiation patterns are in good agreement. The array is installed on a UAV for radar 

measurement with spacing between the transmitter and receiver of 1.3 m to achieve isolation of 

45 dB or better. 
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(a) (b) 

 

(c) 

Figure. 3.11 (8×1) RDRA array (a) reflection coefficient (b) realized gain (c) radiation 

efficiency. 

 

 

  

(a)  f=3 GHz (b) f=4 GHz 

 

Figure. 3.12 Simulated and measured radiation patterns for the (8×1) RDRA array. 
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3.3 Coplanar Vivaldi Antenna Array 

3.3.1 Vivaldi Antenna Design Literature Review 

Vivaldi antenna design has been a subject of extensive research for many years, the main 

focus was on improving the radiation pattern as the impedance bandwidth and gain have good 

characteristics relative to the majority of the other types of UWB antennas. Langley et al. [60] 

introduced the balanced antipodal Vivaldi antenna (BAVA) with two slots on opposite sides of 

the antenna’s substrate to improve the CVA radiation performance. Subsequently, various 

methods were reported to improve the antipodal Vivaldi antenna (AVA) radiation performance, 

for instance, by adding a small resonator [61]-[64] or a parasitic elliptical patch [65] in the flared 

aperture which result in improving the gain value.  Nevertheless, these require increasing the size 

of the substrate to situate these extra resonators. Zhu et al. [66] presented a linear AVA array 

with a metasurface located at the aperture with maintaining the same substrate size. The gain 

showed an average of 2 dBi improvement, though at the expense of a high SLL. In a similar 

approach, Liu et al. [67] placed a triangular patch on the two substrate sides of the AVA array’s 

aperture. The gain showed an improvement at the higher frequency end but with the presence of 

anti-symmetrical SLL. In addition, creating slots in the geometry of Vivaldi antenna to improve 

the bandwidth, gain, and radiation patterns has been reported.  Fei et al. [68], Oliveira et al. [69], 

Liu et al. [70], and Abbak et al. [71] showed that corrugated edges or multiple slots can improve 

the antenna performance. However, the effect at the array level was not mentioned. Nurhayati et 

al. [72] showed that corrugated slots at the end of the Vivaldi antenna’s outer sides can improve 

the mutual coupling between the elements of the array. However, their array’s radiation patterns 

suffer from a high SLL through the operating band. Zhu et al. [73] proposed a method to reduce 

the mutual coupling for the AVA array by adding multiple notches in the ground plane.  
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However, the grating lobes are still distorted. Alternatively, a dielectric lens can be used 

to improve the radiation pattern of a Vivaldi antenna by extending the end portion of the 

substrate into different shapes, e.g., circular, triangular, or trapezoidal [74]-[76]. However, with a 

drawback of increasing the antenna’s footprint to provide more directivity. It is common that the 

lens material is the same as the antenna substrate, which is usually a low dielectric constant to 

widen the bandwidth. However, higher permittivity dielectrics lenses were used in the radiation 

aperture to focus the energy more toward the broadside direction. Bourqui et al. [77], Juan et al. 

[78], and Amiri et al. [79] proposed a modified (BAVA) by creating an aperture (gap) in the 

antenna substrate and inserting a higher dielectric constant material in the created gap to improve 

the directivity. A multi-layer dielectric lens was also inserted in front of the antenna aperture 

[80]. However, creating an aperture in the substrate and filling it with another dielectric material 

adds more complexity to the fabrication process and causes phase velocity variation for the 

electromagnetic waves travelling toward the end of the aperture.  

Another approach by surrounding the Vivaldi antenna by either a low dielectric constant 

material or a 3D phase lens to improve the gain and radiation performance was reported [81], 

[82]. Also, a 3D massive dielectric lens was added at the aperture end of the antenna [83]. These 

3D surrounding materials showed an improvement in the antenna performance such as gain and 

radiation pattern with SLL suppression. Unfortunately, the bulky size limits the benefits of this 

approach if a large antenna array is needed.  

On the other hand, DRA is a 3D antenna with one more degree of freedom compared to 

patch antennas. This feature provides the ability to excite the desired modes with different 

radiation patterns that cannot be generated in a 2D antennas. In addition, the DRA radiation 

efficiency is higher than the 2D antennas. However, the DRA profile makes exploiting it more 
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challenging if low-profile antennas are needed. Thus, the dielectric patch antenna (DPA) is a 

compromise between the DRA and the patch antenna. The DPA is a low-profile DRA with a 

ratio between the maximum edge length and the height of 10 or more. Lai et al. [84] and wang et 

al. [85] designed DPAs and showed that these radiators can achieve high efficiency with more 

than 5 dBi gain even though with a high dielectric constant material. Tang et al. [54], proposed 

another PDA design with a bandwidth up to 20%. 

3.3.2 Coplanar Vivaldi Antenna Linear (4×1) Array Design 

Fig. 3.13(a) shows the conventional 4×1 CVA array designed on a Rogers RO3003 

substrate with a relative permittivity and thickness of 3 and 0.762 mm, respectively. Both tapered 

edges of the antenna are on the top side of the substrate while the power divider is on the back 

side. A multi-stage power divider is used to make a smooth transition to the 50 Ω port. The 

Vivaldi tapered equation is given by (3.1): 

                                                                      y= Sve-xt+ C1                                                         (3.1) 

where, S is the half throat width of the antenna and is equal to 0.35 mm, t is the exponential 

tarped factor and equal to 84, C1=19.1 mm, (0 mm  ≤  x ≤ 33.9 mm) and v=±1.   

The CVA dimensions W and L are 186 and 93 mm, while the dimensions of the DPA are d, Wd, 

rd, W1, and L1 which correspond to 21, 20, 7.8, 3, and 15 mm, respectively. At the lower end of 

the CVA, an elliptical gap is created with major and minor axes of 7 and 3 mm, respectively. 

Since the CVA design is a linear array, the E-plane mutual coupling can be reduced by creating a 

narrow gap (Wg =1 mm) between the elements as illustrated in Fig. 3.13(b). Then, two slots with 

exponential taper are created to each flare of the single antenna. Each slot has different optimized 

variables to improve the matching. The separation between the centers of slots is 20.1 mm. The 
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corner edges in the design are smoothed to minimize the unwanted wave diffraction that affects 

the return loss. The slots equations are given by (3.2).  

                                                                        Slot 1, 2 =C2ue-kt                                                  (3.2) 

where for slot1, C2=0.8 mm, t=116.4, (19.5 mm ≤ k ≤ 40 mm) and (-0.55 ≤ u ≤ 1.25), while 

C2=0.95 mm and t=125 for slot2. 

  

(a) (b) 

  

(c) (d) 

 

 

(e) (f) 

Figure. 3.13 The development of the CVA array (a) conventional CVA (Ant I) (b) CVA with 

slots (Ant II) (c) CVA with CDPA (Ant III) (d) CVA with HCDPA (Ant IV) (e) umbrella-shaped 

DPA (Ant V) (f) Side view (Ant V). 

 

The mutual coupling degrades the overall gain of the array due to the out of phase current 

distribution of the unwanted waves travelling between adjacent elements. Particularly, in the 
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CVA E-plane, travelling waves between elements on the same substrate have a significant effect 

on the performance of the array. The mutual coupling can be reduced by increasing the distances 

between elements, but this causes higher grating lobes, especially in the UWB antennas, where 

the distance between the elements exceeds 2 λg. In general, the spacing between the elements (W) 

is given by (3.3). 

                                                               𝑤 <
𝜆𝑔

1+|cos 𝜑|
                                                            (3.3) 

where, 𝜑 is the angle of the main beam. For the broadside radiation, the grating lobes will 

increase once the spacing between the elements exceeds one wavelength. On the other hand, 

larger spacing leads to a narrower main beam in radiation patterns, which is desired in radar 

applications. Thus, the radiation patterns of the proposed CVA array will be improved by placing 

a cylindrical DPA (CDPA) at the end of the flared aperture of each element, as shown in Fig. 

3.13(c). The CDPA material is TMM10 with relative permittivity of 9.2, diameter (d) of 22 mm, 

and thickness (h) of 1.27 mm. The DPA will be coupled through the electric field distribution of 

the radiation aperture in the Vivaldi antenna. In Fig. 3.13(d), the CDPA is cut slightly above the 

center to form a half CDPA (HCDPA). Finally, in Fig. 3.13(e), an extension of the HCDPA is 

added to form an umbrella-shaped DPA. This geometry shows significant capabilities to direct 

the surface current and improves the proposed array’s radiation patterns.  

The reflection coefficient for the final design covers the frequency band from 2.77 to 13.6 

GHz, with 132% fractional bandwidth, as illustrated in Fig. 3.14(a). This bandwidth is sufficient 

for most of the UWB radar applications including measurements of snow thickness and soil 

moisture [25], [86]. The gain value is shown in Fig. 3.14(b) and clearly improves once the slots 

are created between the adjacent elements. This result is expected, as the mutual coupling is 

reduced by the presence of slots. The shape of slots is important as stronger current intensities 
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will be created around them which improves the gain. However, in some cases, slots may 

degrade the gain at certain frequencies [87], [88]. Notably, slot shapes and their locations were 

optimized carefully to improve the gain over the entire frequency band. Both CDPA (Ant III) 

and HCDPA (Ant IV) show a slight improvement in the gain value, but the HCDPA improves 

the matching at the center of the operating band. The umbrella-shaped DPA shows improvement 

with an average of 1 to 2 dBi after f=7 GHz, where the gain of the final design varies from 10.8-

17.8 dBi. 

 

  
(a) (b) 

Figure. 3.14 CVA development stages performance (a) reflection coefficient (b) peak realized 

gain. 

 

 

The DPA shape is important as the coupling between the electric field in the CVA and 

the DPA depends on the position and the occupied area of the DPA with respect to the maximum 

current intensity. The E-plane radiation patterns of the proposed array show that the final design 

with the umbrella-shaped DPA improves the radiation patterns by suppressing the side lobes and 

grating lobes at the higher frequencies between 5-8 dB, as shown in Fig. 3.15. As the gain value 

gets slightly improved, the half power beam width (HPBW) gets narrower by approximately 1 to 

2 degrees at the higher frequency band. Another notice is that the DPAs in the final design (Ant 

V) provide a very good symmetry in side lobes as well as grating lobes around the main beam.  
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(a) f= 10 GHz (b) f= 12.5 GHz 

 

(a) f= 13.25 GHz 

 
Figure. 3.15 Co-polarized E-plane radiation patterns of the 4×1 CVA array. 

 

In this design, the distance between the elements at the end of the frequency band 

exceeds 3.5 λg. Despite this large spacing, the grating lobes and the first sidelobes are 11 dB 

below the main beam except at f=13.25 GHz, where the grating lobes reach to 9 dB below the 

main beam. The slots in Ant (II) improve the grating lobes up to f=10 GHz, where the inter-

element spacing is about 2.5 λg. However, at higher frequencies with spacing between elements 

increases in wavelength, the DPAs provide more suppression of grating lobes. The cross-

polarization level and F/B ratio are larger than 25 and 15 dB over the frequency range of interest, 

respectively. The traditional approaches to suppress the grating lobes by tapering the edge 

element of the array or using a non-uniform spacing degrade the gain value. However, in the 
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proposed design, the overall gain is improved while the grating lobes are suppressed by a notable 

value. The low-profile DPA contributes to the CVA array’s overall radiation after the cut-off 

frequency of the first mode, which is approximately 7 GHz. At this frequency, the CVA grating 

lobes increase till the end of the operating band. The higher permittivity material of the DPA 

causes the radiation pattern to be more focused towards the CVA end-fire direction with compact 

size. However, the fractional bandwidth will be narrower [89]. Based on that, the selected 

material for the DPA is TMM 10 with relative permittivity of 9.2. The DPA ceramic material has 

other advantages such as its availability, low dielectric loss at higher frequencies, and simplicity 

in fabrication.  

Figs. 3.16 and 3.17 present two parametric studies of the DPA material and height effects 

on the CVA radiation performance. Herein the figures, the SLL is defined as the difference 

between the peak of the main beam and the peak of grating lobes whether it is the first adjacent 

lobes or the farther grating lobes in the angular region of ±60o around the broadside direction. In 

Fig. 3.16, the SLL is compared for different dielectric materials of the DPA in Ant (V) and 

without the DPA in Ant (II). As shown, without the DPA, the SLL reaches to -2.7 dB at the end 

of the band. However, it can be suppressed to less than -12 dB with the higher permittivity 

material.  

 

Figure. 3.16 E-plane SLL for Ant (IV) with different dielectric materials for the DPA. 
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One of the advantages of using the DPA instead of the previously reported dielectric lens 

in the literature is that it avoids cutting out the substrate and inserting another dielectric in the 

gap. This leads to a simplified fabrication process and a reduction in internal reflections of the 

electromagnetic waves between two different boundaries. Basically, the phase velocity for the 

wave through the CVA substrate will remain constant. Another advantage of using this design is 

that it offers more flexibility in changing the DPA height to further suppress the unwanted 

grating lobes, as shown in Fig. 3.17. In most dielectric lens cases, the thickness of the lens is 

limited by the substrate thickness.  

However, there are two trade-offs for the DPA height that should be taken into 

consideration. First, even though the higher DPA will suppress the grating lobe (as illustrated in 

Fig. 3.17), the cross-polarization level will increase accordingly. This is due to the excitation of 

unwanted higher-order modes that alter the phase between the CVA fins. Secondly, the higher 

DPA height increases the weight of the overall array, which is one of the critical parameters for 

the sUAV applications. Based on the aforementioned factors, the DPA height is chosen between 

1 and 1.5 mm. 

 

Figure. 3.17 E-plane SLL for Ant (V) with different DPA height (h) in mm. 
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The CVA operates as a resonant antenna at the lower frequency band and radiates as a 

travelling wave radiator at higher frequencies. The electric current model at a given wavelength 

for an arbitrary Vivaldi antenna with a profile of s(x) was reported by Chiappe et al. (3.4) [90]: 

𝐼(𝑠(𝑥)) = 𝐼0𝑒𝛾𝑠(𝑥) × [cos (𝑘(𝑠(𝑥) − 𝑠(𝑋))) + 𝑗 sin (𝑘(𝑠(𝑥) − 𝑠(𝑋)))                                 (3.4)                          

where, 𝛾 is the attenuation coefficient which is equivalent to –t/p and p is the attenuation 

number for the antenna impedance. At higher frequencies, the current along the flared edge 

suffers from phase reversal which degrades the radiation performance [65]. Fig. 3.18 illustrates 

the conceptual reversal current for the CVA with the corresponding current loop at the radiation 

aperture. The electric current along the CVA tapered flare can be represented by a number of 

electrically small segments along the edges. Each of these segments has horizontal (Ih) and 

vertical (Iv) current components [91]. The horizontal current will be directed towards two 

different directions on each fin at the higher frequencies due to the phase reversal. However, this 

reversal phase is beneficial to create the required condition to excite the TE modes in the 

cylindrical DPA (CDPA). 

  

(a) (b) 

Figure. 3.18 Conventional CVA current reversal (a) theoretical (b) simulation at f= 7 GHz. 

 

 

In the previous studies, many attempts were reported to excite the TEx
01𝜹 and its higher 

order modes such as TEx
011+𝜹 mode in the cylindrical DRA, where the ratio between the diameter 
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(d) and thickness (h) is much less than 10 [92]-[95]. Normally, it is difficult to achieve a uniform 

current loop over a wide bandwidth because of its small radiation resistance. Accordingly, the 

impedance matching of the cylindrical DRA for the omnidirectional modes will be limited to a 

narrow band. For example, Liu et al. [92] excited the TEx
011 mode for the CDRA with 4.5 % 

impedance bandwidth without the need of a ground plane. However, a feeding network of 

printed arc-shaped dipoles was needed underneath the DRA. Furthermore, Liu et al. [95] 

enhanced this mode bandwidth to 16.8% by adding coupled strips to a four-arm printed network. 

Similar to the DRA, the low-profile DPA can radiate with the TE mode once the appropriate 

excitation is applied with less variation on the profile axis. The current loop in the CVA aperture, 

however, offers a uniform current loop distribution at higher order modes with wide bandwidth 

which excites the CDPA TE modes with omnidirectional radiation pattern. These modes have a 

horizontal-polarized omnidirectional radiation pattern that improves the E-plane radiation 

without degrading the H-plane radiation of the CVA, as the null of the CDPA radiation is at the 

CVA H-plane direction.  

For the mode analysis, the CDPA in (Ant III) is considered first. This is to simplify analyzing the 

electric field distribution for the different modes using the basic shape. The electric field vector 

for the CDPA is shown at different frequencies in Fig. 3.19. At 7.5 and 9 GHz, the 

omnidirectional TEx
01𝜹 mode is propagating as expected. The proposed design excites the TEx

01𝜹 

mode for the frequency range of 7.5-10.5 GHz, with more than 30% of impedance bandwidth. 

Also, the higher order TEx
011+𝜹 mode can be excited if a cylindrical DRA is situated with a d/h 

ratio of less than 10 [94]. Another advantage of this method is that the resonance mode in the 

CDPA is purely from the DPA itself as there is no embedded feeding network underneath the 

DPA. Normally, the feeding network will have another resonance frequency within the DPA 



 

52 

 

operating band which leads to higher cross-polarization level. The dimensions and the material 

of the DPA can be changed to shift the operating modes to the desired frequency range for future 

applications. After 10.5 GHz, the other omnidirectional mode is the TEx
121 mode [96]. 

  

 
 

(a) (b) 

  
(c) (d) 

Figure. 3.19 The electric field distribution of the CDPA (a) f= 7.5 GHz (b) f= 9 GHz (c) f=11 

GHz (d) f=13.25 GHz. 

 

 

By examining the electric field distribution in the CDPA, one expects that the radiation 

pattern can be focused on different directions on the yz-plane. It is clear that the +z axis is the 

wanted direction to support the CVA end-fire pattern. The radiation in other directions degrades 

the performance as it generates an opposite wave travelling towards the throat of the CVA. This 

opposing wave performs like a multi-reflection in the overall antenna geometry and degrades the 

antenna matching. For this reason, the shape of the CDPA was adjusted by keeping the upper 

half of the dielectric loading. The electric field distribution for the proposed DPA in Ant (V) is 

plotted in Fig. 3.20. The modes of the proposed DPA have a similar electric field distribution as 

the CDPA in Fig. 3.19. 
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(a) (b)  

Figure. 3.20 The electric field distribution of the proposed DPA (a) f= 9 GHz (b) f= 13.25 GHz. 

 

 

3.3.3 Coplanar Vivaldi Antenna Planar (8×2) Array Design 

To increase the penetration of the radar signal through a target (e.g., soil or ice), a high-

gain antenna with a narrower HPBW along the track direction is desired [97]. Thus, four of the 

proposed arrays are used to form an array with 8×2 arrangement as shown in Fig. 3.21. The 

resulting array improves the signal-to-noise ratio (SNR) from the ground surface or any other 

point target as most of the energy will be focused on a smaller area. The total dimensions of the 

array are 377×40×93 mm3. The linear CVA arrays were separated by a small gap of 5 mm in the 

y-direction to provide high isolation between the arrays along the y-direction. 

The aluminum material sheet was reported previously with a wider bandwidth compared to the 

PCB CVA arrays [98]-[100]. Even though wide bandwidths were achieved, the heavy weight of 

the thick metal sheets limits the ability of such designs to be installed on the sUAV. In our 

design, the linear CVA array has a total weight of 50 g including the SMA connector and the 

DPAs. The single DPA has a minimal effect on the overall array weight as it only weighs 

approximately 3 g. The overall weight of the total planar array is 200 g. The CVA arrays are 

mounted on a thin aluminum sheet with 0.8 mm thickness. Rectangular slots (gaps) with 5 mm 

width were created in the aluminum sheet to reduce the effect on the CVA return loss. By 

creating these slots, the aerodynamic air resistance is reduced relative to a solid sheet.  
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Figure. 3.21 The CVA arrays with the low-profile DPA. 

 

The reflection coefficients of the CVA linear and planar arrays are shown in Fig. 3.22 (a). 

The multi resonances in the planar array are due to the presence of the external power divider 

and cables. The gain for the planar array is measured in the anechoic chamber after 

compensating for the insertion loss of the power divider and cables and it is varied from 15.2 and 

24.6 dBi for the 8×2 planar array, as shown in Fig. 3.22(b). There is an excellent agreement 

between measurements and simulations. The radiation efficiency of the proposed array is more 

than 90 % over the entire operating frequency band. 

  
(a) (b) 

Figure. 3.22 CVA arrays (a) reflection coefficients (b) total gain of the 8×2 planar CVA array. 
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Fig. 3.23 shows the radiation patterns with low SLL and grating lobes at higher 

frequencies, such as 12.5 GHz. The element spacing in the proposed CVA array is much greater 

than 0.5 λ at the higher frequency, which is the Nyquist sampling requirement to avoid the 

unwanted grating lobes [98]. This will also lead to an increase in the overall gain value as the 

gain is directly proportional to the antenna aperture area, while the associated grating lobes are 

kept below 10 dB using the DPAs to perform radar measurements.  

Furthermore, the cross-polarization level is -25 dB at both planes through the entire band. 

The HPBW is varied from 13o to 2o and 60o to 14o for the E and H-plane, respectively. The F/B 

ratio is around 15-20 dB throughout the band.  
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         E-Plane           H-Plane 

  
(a) f=3 GHz 

  

(b) f= 6 GHz 

  

(c) f=8 GHz 

  

  (d)    f=9.5 GHz 

  

    (e)    f= 12.5 GHz 

 

Figure. 3.23 Radiation patterns for the planar CVA array at different frequencies. 
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In radar applications, it is preferable to keep the F/B ratio as low as possible as in many 

cases the RF parts of the transmitter and receiver will be mounted on the back side of the 

antenna. The thin aluminum grid sheet at the back of the planar array improves the F/B ratio 

between 2-4 dB, as shown in Fig. 3.24. This improvement is similar to that obtained by Zhu et al. 

[101] by creating multiple defective structures in the AVA ground plane. However, the only 

difference in this design is that the F/B improvement is consistent throughout the entire band 

while it was achieved at the higher frequencies at the mentioned reference. Table I compares the 

proposed array with previous studies on this topic.  

 

Figure. 3.24 Simulated front-to-back ratio for the planar CVA array. 
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Table. 3.1 Comparison between the CVA arrays and the literature 

Ref. 
Array 

type 
Array volume (λlow

3) 
Material / 

Thickness (mm) 

Frequency 

(GHz) / BW 

(%) 

Gain 

(dBi) 

[66] 
AVA 

8×1 
2.3×4.8×0.06 

PCB/  

0.787 mm 

24.1-28.5 

16.5% 
9.3-12 

[67] 
AVA 

8×1 
2.3×4.5×0.04 

PCB/  

0.508 mm 

24.7-27.5 

11.3% 

12.3-

12.9 

[73] 
AVA 

8×1 
2.3×4.9×0.06 

PCB/  

0.787 mm 

24.55-28.5 

14.8% 
6.9-11.3 

[88] 
CVA 

8×1 
0.84×1.9×0.006 

PCB/  

1.57 mm 

1.2-4.2 

111% 
9-16 

[98] 
CVA 

8×8 
1.2×1.2×0.75 

Aluminum/ 1.7 

mm 

10-35 

111% 
10-20.6 

[100] 
CVA 

8×8 
0.8×0.8×0.7 Aluminum/ 4 mm 

2-18 

160% 
7-25 

[This 

work] 

CVA 

4×1 
0.85×1.7×0.007 

PCB/  

0.762 mm 

2.77-13.6  

132% 

10.8-

17.8 

[This 

work] 

CVA 

8×2 
0.85×3.5×0.37 

PCB/  

0.762 mm 

2.77-13.6 

132% 

15.2-

24.6 

 

3.4 Other Antenna Works 

In this section, different antenna designs and configurations are presented. First, the CVA 

array is used to constitute a T-shaped array for the manned aircraft radar to perform snow depth 

measurements. In addition, a shared-slot aperture Vivaldi antenna array at the Ku-band is 

designed for the same purpose. Finally, a dual-band patch array is described for future radar 

work. 



 

59 

 

3.4.1 T-Shaped Section Vivaldi Antenna Array for Manned-aircraft Radar 

The CVA array reported in the previous section is used to build an 8×4-element array for 

the manned aircraft radar’s transmitter while a 16×2-element array is used for the receiver. The 

reason for selecting such a configuration is to obtain a small overlapped footprint of transmit and 

receive antennas. An 8×1 and 4×1 external Wilkinson power divider is used to combine the 

transmitter and receiver CVAs. The spacing between the CVAs is 40 mm. On the transmitter 

side, the edge elements were tapered to suppress the SLL at the H-plane up to -18 dB. Fig. 3.25 

shows the simulated and fabricated arrays for the manned aircraft radar. The manned aircraft 

radar results were reported in detail in [102]. 

 
 

Figure. 3.25 T-Shape Mills-Cross antenna configuration. 

 

 

The gain of the transmitter array is varying from 18 to 26 dBi over the frequency band of 

2.77-13.6 GHz, while the receiver gain is similar to the UAV array in the previous section. The 

radiation patterns of the transmitter array at different frequencies are shown in Fig. 3.26. The 

narrow HPBW direction for the transmitter’s side is orthogonal to the narrow HPBW of the 

receiver’s array. 
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(a) f= 3 GHz (b) f= 4 GHz 

 
Figure. 3.26 The transmitter array radiation patterns for manned-aircraft radar. 

 

 

3.4.2 Dual-band Ku-band Patch Antenna Array 

Dual-band antennas are widely used for many wireless communication applications such 

as low/high-speed up/downlink, where the lower band is used for up-link the data and the higher 

band is used for downlink. In addition, it is used to cover some of the WLAN, ISM, and Multi- 

Input-Multi-Output (MIMO) applications [103], [104]. Furthermore, a dual-band antenna can be 

designed to have two different operating modes in one design [105]. Creating the dual-band 

feature in a patch antenna can be utilized by many methods. First, by creating a slot in the patch 

geometry [106], [107] or by using a rectangular slot antenna with strips [108]. The slot shape and 

dimensions need to be adjusted to shift the second band to the required frequency range. This 

method has the advantages of simple design, and ease of fabrication, and does not require 

increasing the patch size to add an extra resonator. Another method is by adding an extra radiator 

with a small gap from the main antenna body [109]. As the antenna main body is radiating at the 

lower frequency band, the extra resonator will start to radiate at its resonance frequency through 
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the coupling with the main antenna part. In addition, using shorting pins has been reported for a 

multi-band antenna design [110]. Furthermore, Khaleghhi [111] proposed a dual-band antenna 

supported by a meander line for WLAN application. Herein, the single-element design is utilized 

using two identical substrates with the material of RO 5880 with a dielectric constant of 2.2 and 

thickness of 0.787 mm. The substrate dimensions are (20 × 20) mm2. The microstrip line feeder 

is assigned at the lower side of the bottom substrate as shown in Fig. 3.27. A ground plane 

between both substrates is used to isolate the feeder from the patch antenna which is mainly to 

suppress the cross-polarization level. A via is used and passed through both substrates to excite 

the antenna while a circular aperture is created in the ground plane around the via with a radius 

of 1.2 mm. A thin rectangular slot with a dimension of Ws and Ls at the higher end of the patch 

antenna is created to generate the second resonance. 

 

 

Figure. 3.27 Dual-band antenna single-element geometry. 

 

Since the slot’s dimensions and location with respect to the patch geometry control the 

second resonance, a parametric study is performed on the length, width, and location of the slot 

as shown in Fig. 3.28. It could be noticed that the length of the aperture shifts both resonances, 
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longer slot results in shifting the resonances to the lower frequency range. The width, however, 

didn’t show a significant effect on the reflection coefficient. The location of the slot with respect 

to the patch’s upper side (s) controls the first resonance, while the second resonance is not 

affected, as shown in Fig. 3.28 (c). This design as a result has the flexibility in changing the first 

or second resonance or both of them by changing the appropriate slot dimension. 

 

  

(a) (b) 

 

(c) 

Figure. 3.28 Parametric study for the reflection coefficient of the single element. 

 

 In order to design the array, a sixteen-output ports Wilkinson power divider layout is 

designed as shown in Fig. 3.29. The power divider has a matching of -12 dB or better over the 

band from 11 to 19 GHz, and it has a better than -15 dB reflection coefficient over the two bands 

of interest, as shown in Fig. 3.30.  The wide bandwidth of the power divider is preferred to 

prevent extra resonances that may result from the variation of the input impedance of the antenna 

with respect to the power divider output port. The isolation between any two adjacent ports is 
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better than -15 dB and is utilized by adding 100 Ω resistance to the power divider branches. The 

insertion loss is approximately 2-3 dB over the entire band.  

 The antenna single-element design is integrated with the power divider in one design as 

shown in Fig. 3.31. The overall dimensions of the array are 210×70×1.575 mm3. A metal back 

reflector is added 5 mm below the array’s lower side to suppress the back lobe and allow for 

mounting on the platform later on. 

 

Figure. 3.29 Sixteen-port power divider layout. 

 

 

Figure. 3.30 Sixteen-port power divider s-parameters. 

 

 

The reflection coefficient and peak gain of the proposed array are shown in Fig. 3.32. It 

could be seen that the two resonances at the 13 and 17 GHz frequency bands are matched with 

the 50 Ω output port of the power divider. The first and second resonances cover the frequency 

ranges of (12.53-13.17) GHz and (16.9-17.75) GHz with 4.98% and 4.9% fractional bandwidth, 
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respectively. At the center of the bands, the peak realized gain is approximately 17-17.5 dBi and 

it gets as low as 6 dBi at the isolation frequency band between the two operating bands. 

 

 

 

Figure. 3.31 Geometry of the dual-band patch antenna array. 

 

 

 

Figure. 3.32 Reflection coefficient and peak realized gain. 
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 Fig. 3.33 details the array radiation patterns at the frequency band of interest. The E-plane 

HPBW is about 8o at the lower band and reaches to 5o at the higher one. The F/B ratio is better 

than 15 dB for the lower band and around 10 dB for the higher band. The cross-polarization level 

is better than -25 dB in both bands. 

 Two identical arrays are aligned in both vertical and horizontal directions to measure the 

mutual coupling between them, as shown in Fig. 3.34. It can be seen that both directions with 20 

cm spacing have a mutual coupling of -40 dB. 

 

  

(a) f=12.7 GHz (b) f=13.1 GHz 

  

(b) f=17.1 GHz (b) f=17.6 GHz 

 

Figure. 3.33 Radiation patterns at the two bands. 
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Figure. 3.34 Two identical arrays with different orientations and mutual coupling. 
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CHAPTER 4 

 RADAR SIGNAL PROCESSING 

In this chapter, a description of the radar raw data structure is presented. Also, the 

algorithms used to process the data are presented including both focused and unfocused SAR. In 

addition, a correction for the transmit chirp non-linearity including phase and amplitude errors 

are shown. Finally, an auto tracker processor to track the snow top and bottom layers is described 

to generate a snow thickness map. 

4.1 Radar Raw Data Collection Using the Data Capture Board 

The radar raw data are collected with the DCA1000 (data capture board) from Texas 

Instruments (TI). The DCA1000 board is connected to the mm-wave sensors through a 60-pin 

high-speed cable as shown in Fig. 4.1.  

 

  

(a) (b) 

Figure. 4.1 The computer connection with the DCA1000 and mm-wave boards (a) first radar 

prototype (b) second radar prototype. 
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The data are then stored in a mini-computer (PeeLink7) with 16 GB RAM and core i5 for 

the first radar prototype, as shown in Fig. 4.1(a). The computer’s hard disk storage size is 256 

GB with 4 USB ports and one Ethernet port. The mini-computer weight is approximately 1.7 lb. 

(0.77 kg). For the second radar prototype, we used a computer board manufactured by NUC with 

a total weight of 0.6 lb. (0.27 kg) including an external fan unit. The radar configuration is 

performed using TI interface software (mm-wave studio v2). There are a few jumpers on both 

boards (AWR1843 and DCA1000) that need to be configured before operating the radar. On the 

AWR1843 board, the S jumper should be configured as 001.  

 

 

(a) 

 
(b) 

Figure. 4.2 The radar raw data structure (a) original binary file output (b) data in radar matrix 

form. 
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On the DCA1000 board, the 5-V jack power switch should be directed to the 5-V side. 

Once the power is connected, the orange and green LEDs on the AWR1843 will turn on and a 

green light on the DCA1000 left upper cornet will also turn on. This indicates that both boards 

are connected to the power source. For AWR1843, the S2 switch should be set to the SPI side 

while the SOP switch should be configured as SOP0 and SOP1 are “on” while SOP2 is “off”. 

After these configurations are done the user should be able to connect to the device using the 

mm-wave studio. The host computer IP address should be 192.168.33.30 with a subnet mask of 

255.255.255.0. The collected radar data are in binary files with a 1-GB size for each file. The 

radar will keep recording until the user stop the transmit signal or the computer storage is full. 

Most of the flights require 10-18 files based on the radar configuration, speed of the UAV, and 

the length of the flight. The binary file, however, needs to be read from a MATLAB interface to 

get the I&Q signals from the raw data. Fig. 4.2 shows a simplified block diagram for the initial 

data structure obtained from the radar. Then, we re-arranged the data into a matrix form to create 

the radar echogram. The matrix dimensions are arranged as; the number of samples (M) × the 

number of chirps (N). To fit the original format data into the matrix we subtracted a few chirps 

from the data line. In the radar matrix, the along-track distance (D) is given by: 

                                                              𝐷 = 𝑣 × 𝑁 × 𝜏                                                            (4.1) 

Where v is the UAV flight speed in m/s, N is the number of chirps, and 𝜏 is the chirp duration in 

Sec. The y-axis of the radar matrix (range) is given by: 

                                                                      R = 
𝑓×𝑐

2×𝑆
                                                                  (4.2) 

  Where f is the sampling frequency, S is the chirp rate. As the mm-wave evaluation board 

has multi-transmitters and multi-receivers, we selected the edge Tx and Rx antennas and 

connected them to our up/down converters. In Fig. 4.3, the software interface configuration is 
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shown where Tx2 and Rx0 are enabled. The physical locations of the transmitter and receiver 

antennas are shown in Fig. 4.3 (b). 

  

(a) (b) 

Figure. 4.3 The evaluation board transmitter and receiver (a) software configuration (b) layout. 

 

 

4.2 Unfocussed Synthetic Aperture Radar (SAR) Processing 

After the data are collected, the data are imported and read from the binary files into a 

matrix. For initial processing, one chirp from the matrix (A-scope) is plotted to compare the link 

budget with the theoretical calculations. The impulse response of the radar-measured data at the 

nadir-looking angle over 100 m flight altitude is plotted in Fig. 4.4 over the lake surface.  

 

 
Figure. 4.4 Measured impulse response from the water surface at nadir-looking. 
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The chirp peak value is -47.42 dBm, which is close to the theoretical value for the radar 

(-46.05 dBm) that was shown in Chapter 2. The SNR is approximately 50 dB. Also, the raw data 

will be weighted by a Hanning window to suppress the SLL to -31.5 dB ideally instead of -13.5 

dB for the rectangular window. This section’s results are obtained using the first radar prototype 

with a 1.9 GHz bandwidth configuration shown in Chapter 2. The radar raw data are processed 

with focused and unfocused SAR algorithms to improve the SNR. In the unfocussed SAR, 3000 

chirps are coherently integrated (CI) or averaged. The maximum number of chirps that can be 

averaged is given by equation (4.3) 

                                                     Max. number of averaged chirps = 
𝐴𝐵

𝑣
                                   (4.3) 

 

Where A is the illuminated area, B is the signal bandwidth and v is the UAV speed. Based 

on the calculation, the maximum number of averaged chirps is approximately 6000. However, to 

obtain a smooth radar echogram, only 3000 chirps are averaged coherently. This results in a 34 

dB SNR improvement. Fig. 4.5(a) shows the impulse response for the optical delay line test with 

62 dB total attenuation before and after the CI, where the theoretical 34 dB SNR is achieved. Fig. 

4.5(b) shows the corner reflector impulse response for the nadir case where the SNR 

improvement is around 25 dB.  

To generate the radar echogram, the collected raw data from the delay line test are used. 

The transmitter port is connected to the optical delay line and the receiver port is connected to 

the other end while the total attenuation is 62 dB which is equivalent to the free space loss for 

100 m when subtracting the antenna’s gain value. Fig. 4.6 illustrates the delay line echogram 

with the Hanning window and 3000 chirps coherently averaging. The point target at about 108 m 

and appears as a straight line. After the CI is performed, a few chirps, (4-7), will be averaged 

non-coherently to reduce the image speckle. After that, a median filter is applied. 
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(a) (b) 

Figure. 4.5 Radar measured impulse response (a) optical delay line (b) corner reflector. 

 

 
Figure. 4.6 Radar echogram using delay line data. 

 

 

As shown before, the radar noise floor is at -90 dBm. Thus, to test the capability of 

detecting a signal lower than the noise level, an attenuation values of 100 dB and 112 dB were 

added to the delay line. This is equivalent to steering the antenna by 20-30 degrees. After that, 

the data were recorded and the impulse response is plotted in Fig. 4.7. It could be seen that even 

though the signal is at -95 dBm for the 112 dB total attenuation case, the CI still improves the 

SNR by approximately 30 dB.  
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In Fig. 4.8, A-scopes from the field results are shown for the nadir and off-nadir side 

antenna looking over a water body in Tuscaloosa, AL in 2021. 

 

  

(a) (b) 

Figure. 4.7 Measured delay line impulse response (a) 100 dB attenuation (b) 112 dB attenuation. 

 

 

(a)                                                                          (b) 

Figure. 4.8 Measured impulse response over water (a) nadir (b) 20-degree off-nadir. 

 

4.3 Focused Synthetic Aperture Radar (SAR) Processing 

 The radar data are also processed with a synthetic aperture radar (SAR) algorithm to 

obtain a 1-m along-track resolution and improve the SNR. C. Simpson, 2022 [112], described in 

detail a fully focussed SAR algorithm procedure for a UAV radar operating over 2-6 GHz and 
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used to measure soil moisture. Abushakra et al [113] used the same SAR algorithm developed by 

Simpson and used it to process this radar data for snow measurements in Colorado after tuning 

the processor to fit the radar data. SAR processing of the received signal narrows the beamwidth 

in the azimuth direction to improve the along-track resolution. The transmitter signal of an FM-

CW radar can be expressed as [114-117]: 

                                                    𝑣𝑇(𝑡) = 𝑉𝑜𝑒−𝑗(𝜑(𝑡)), −
𝑇𝑃

2
≤ 𝑡 ≤

𝑇𝑝

2
                                                (4.4) 

 

where  𝜑(𝑡) = 𝜔𝑜𝑡 +
𝛼𝑡2

2
 with 𝛼 = chirp rate in rad/s and 𝑇𝑝 is 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) = 𝐾𝑉𝑜𝑒−𝑗(𝜑(𝑡−𝜏))                                                  (4.5) 

Herein, 𝜏 is the time delay. K accounts for spreading and attenuation losses. In FM-CW radar, 

the received signal is multiplied with a sample of the transmitted signal in a mixer (multiplier) 

and filtered to eliminate the sum frequency to generate the beat frequency signal (IF) (difference 

frequency) proportional to the target range. For an analytical signal, multiplying and filtering are 

equivalent to multiplying the received signal with a conjugate of the transmitted signal. 

                                                           𝑣𝐼𝐹(𝑡) = 𝐾𝑉𝑜
2𝑒𝑗[𝜑(𝑡)−𝜑(𝑡−𝜏)]                                              (4.6) 

where,                       

                                                𝜙(𝑡) =  [𝜑(𝑡) − 𝜙(𝑡 − 𝜏)] =  [𝛼𝜏𝑡 + 𝜔𝑜𝜏 −
𝛼

2
𝜏2]                    (4.7) 

We can neglect the 3rd term referred to as the residual video phase because τ <<Tp. The time 

delay to the target as the radar carrying platform flies by the target is given by:  

                                                              𝜏(𝑥) = 𝜏𝑜 + 𝜕𝜏(𝑥) =
2𝑅(𝑥)

𝑐
                                          (4.8) 
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where 𝜏𝑜 is the minimum time delay when the target is located on the radar boresight and 𝜕𝜏(𝑥) 

is the extra time delay associated with the radar carrying platform approaching and moving away 

from the target. 

                                                                   𝑅(𝑥) = √𝑅𝑜
2 + 𝑥2                                           (4.9) 

where x is the along-the-track distance and Ro is the minimum -range to the target.  For x<<Ro, 

we can approximate R(x) as  

                                                                       𝑅(𝑥) ≈ 𝑅𝑜 +
𝑥2

2𝑅𝑜
                                       (4.10) 

The IF signal now can be expressed as a function of distance and time and then range migration 

is performed at the time domain. The signal is then passed through a filter with a frequency-

domain transfer function given by:  

                                                                     𝐻(𝐾𝑥) =  𝑒𝑗 𝑐𝑅𝑜𝐾𝑥
2

4𝜔𝑜
                                         (4.11) 

Fig. 4.9 shows a simplified block diagram for the SAR processor. The SAR main steps 

including motion compensation, range migration, and azimuth de-chirp are shown with their 

order in the processor. In Fig. 4.10 the 1-m side length trihedral corner reflector used for radar 

calibration is shown before and after SAR processing. The range hyperbola associated with the 

calibration target extending over a distance of 35 m is focussed to about 1-m spot. 
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Figure. 4.9 Block diagram for SAR algorithm. 

 

  

(a) (b) 

 

(c) 

Figure. 4.10 A sample echogram generated from the measured field data (a) corner reflector after 

FFT (b) corner reflector after SAR processing (c) trihedral corner reflector. 
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4.4 Chirp Non-linearity Correction 

As we extended the radar bandwidth starting from 1.9 GHz to 4 GHz, the chirp no-

linearity increased due to phase errors. The transmit signal is amplitude-modulated over this 

large bandwidth.  The amplitude and phase variations cause spurious sidelobes. Peek [118] and 

Meta et al. [119] analyzed the effect of amplitude and phase errors on the FMCW radar response 

and provided an approach to correct for these errors. The FMCW radar IF signal can be modeled 

as follows (4.12): 

                                 𝑦(𝑡) = 𝐴0[1 + 𝑚𝑎(𝑡)]𝑒𝑗(𝜋(2𝑓0𝜏+2𝛼𝜏𝑡−𝛼𝜏2)+𝜙(𝑡))
                                   (4.12) 

where, [1 + 𝑚𝑎(𝑡)], is the detected envelope of the IF signal, α is the chirp rate, τ is the 

delay time duration until the return signal arrives, t is the beat signal duration vector, f0 is the 

chirp starting frequency, and ϕ(t) is the unwrapped phase error. To compensate for amplitude 

errors, the IF signal is multiplied by the inverse of the detected envelope of the IF signal. 

Amplitude corrections result in the suppression of symmetrical sidelobes caused by the 

amplitude modulation of the transmit signal.  

Transmit signal phase errors are estimated using the procedure described by Peek [118] and Meta 

[119] using the radar response measured with a delay line or the corner reflector used for radar 

calibration. Then, the phase-corrected signal is passed through a de-skew filter to align the beat 

signal in time. The results are compared with an ideal impulse response as follows: 

                                                       𝑦𝑖𝑑𝑒𝑎𝑙(𝑡) = 𝑒𝑗𝜋(2𝑓0𝜏+2𝛼𝜏𝑡−𝛼𝜏2)                                          (4.13) 

More details for this analysis are reported in our paper [113]. As can be seen in Fig. 4.11, 

after applying the above corrections in the post-processing, the main lobe is matched well with 

the ideal response. In addition, phase errors are suppressed. A full testing file is recorded and the 
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delay line echogram is plotted after correction. The echogram shows a very clean image with a 

strong peak in the range of 108 m. This advanced processing allows us to automate the tracking 

of surface and bottom interfaces for snow depth measurements.  

  

                       (a)                        (b) 

  

                       (c)                        (d) 

Figure. 4.11 The proposed radar chirp characteristics with phase and amplitude corrections (a) 

time domain (b) impulse response (c) phase error (d) delay line echogram after phase and 

amplitude correction. 

 

4.5 Snow Map Tracker and GPS Correlation 

To generate a snow thickness map, two important issues need to be addressed in the UAV 

radar. The first is to correlate the GPS data with the radar data. The GPS data are obtained from 

the UAV GPS module to obtain the altitude, yaw, pitch, and roll angles as well as the location. 

As mentioned in Chapter 2, the relay channel is added to turn on/off the amplifiers. Usually, the 

relay is turned on by the UAV pilot at 40 m height or more to prevent receiver saturation. In Fig. 

4.12, the radar echogram at the UAV’s start and end of the flight line is shown. At the take-off, 
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the relay channel is activated and the radar started to record. The GPS will start recording at the 

same time as it is synced to the same relay channel. Then, we interpolate the GPS data to fit the 

radar data. The second issue needed to generate the map is to detect the top and bottom of the 

snow, which are called air-snow and snow-ground interfaces. The difference between the two 

interfaces represents the snow thickness after correcting with the snow dielectric constant. 

 

  
 

Figure. 4.12 The radar echogram at the relay on/off time. 
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CHAPTER 5  

 FIELD DEPLOYMENTS 

In this chapter, a description of three main deployments for the UAV radars is presented. 

The two radar prototypes are tested in the field in Tuscaloosa, AL, and Grand Mesa, Colorado 

during the period between 2021 and 2023. The First radar prototype shown in Chapter 2 was 

deployed in the arboretum area at the University of Alabama, Tuscaloosa in 2021 for soil 

moisture measurements. We used the 1.9 GHz bandwidth signal with 10 dBm of transmit power.  

Later on, in March-April 2022, the radar was deployed in Grand Mesa, Colorado for 

snow depth measurements. The selected location for the deployment contains about 2 m of snow. 

The radar bandwidth was extended to 3 GHz with transmit power of only 3 dBm. Finally, in 

2023, the second radar prototype was deployed in Grand Mesa with 4 GHz bandwidth and 0 

dBm of transmit power.  

The main improvements achieved for the radar system for measurements in 2023 are 

weight reduction, size miniaturization, extending the bandwidth, and reducing the amount of 

transmitting power. High transmit power can result in a large directly coupled-through signal that 

generates the third-order frequency products at the receiver mixer. In addition, high transmit 

power increases interference to other nearby communication systems.  

Table 5.1 summarized the three deployments’ radars specifications and field experiment 

details. The flight’s height and time were adjusted based on the field conditions such as altitude, 

air pressure, wind speed, and temperature. It could be seen that due to the height altitude of 

Grand Mesa, the flight time and height were reduced significantly compared to Tuscaloosa area. 
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The UAV operating team performed the field measurements including preparing the UAV’s 

take-off point, in-situ measurements, and transferring the equipment to the test location. 

 

Table 5.1 Radar field deployments summary. 

 

# Sep-2021 March-2022 Feb-2023 

Deployment Location Tuscaloosa, AL Grand Mesa, 

Colorado 

Grand Mesa, 

Colorado 

Deployment purpose Soil moisture Snow measurement Snow measurement 

Radar weight (kg) 2.5 2.5 1.5 

Up/down convertors 

Interface type 

WR-12 

(waveguide) 

WR-12 

(waveguide) 

PCB  

(wire bond) 

Max. Bandwidth (GHz) 1.9 (3.25-5.15) 3 (2.8-5.8) 4 (2.2-6.2) 

Tx Power (dBm) 10 3 0 

Chirp on duration (μs) 150 250 250 

Chirp idle time (μs) 5 5 5 

Radar box size (mm) 35 × 15 × 15  35 × 15 × 15  25 × 18 × 12.5  

Antenna mutual 

coupling  (dB) 
55-60  55-60 55-60 

Minimum detectable 

Rx signal (dBm) 
-90 -90 -90 

Flight altitude (m) 90-100 65-75 55-65 

Avg. Flight time (min) 20-25 7-10 7-10 

 

5.1 Radar Measurements over Soil 

 The radar’s first prototype was used to collect data over the University of Alabama 

arboretum in Tuscaloosa as shown in Fig. 5.1. Several flights were performed with different 

antenna steering angles. During the flights, the wind speed was low with a calm lake that allowed 

us to increase the UAV height up to 100 m with a UAV speed of 3 m/s. The UAV with 5.5 lb. 

weight was able to fly up to 25 minutes. The radar data are processed with an unfocussed 
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Synthetic Aperture Radar (SAR) algorithm. Plotting the range profile history without the focused 

or unfocused SAR processing algorithms would have less SNR with fewer details in the radar 

echograms. Thus, the radar data are processed with an unfocussed Synthetic Aperture Radar 

(SAR) algorithm. 

 
 

Figure. 5.1 UAV flight line over the arboretum area in Tuscaloosa. 

 

 In the unfocussed SAR algorithm, digitized radar data are averaged over an 

unfocussed aperture without phase corrections to obtain higher SNR over the flight region. The 

unfocussed SAR algorithm is utilized to obtain higher SNR over the flight region. To improve 

the SNR, a similar approach to what we described in Chapter. 4 is used here for the radar 

echogram where 3000 chirps are coherently Integrated (CI) after applying Hanning window. 

Furthermore, a few along-track samples are incoherently averaged and then filtered with a 

median filter to further improve image interpretability. Fig. 5.2 shows the echogram for the off-

nadir antenna beam steering with 20o. The flight line included trees, surfaces covered by short 
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grass, and a lake. This resulted in a very strong specular reflection and range sidelobes associated 

with radar response that can be clearly seen over the lake. The strong returns are from the 

sidelobes of the antenna from the lake. The strong returns are followed by backscatter over 

incidence angles between 20 and 30 deg. The aerial image of the flight path is shown in Fig. 5.3 

to compare the truth area’s details with the radar results. In addition, the radar resolution is 

sufficient to separate returns from vegetation and backscatter from the ground below the trees. 

 

Figure. 5.2 Echogram for the flight line with twenty-degree steering. 

 

 

Figure. 5.3 Google Earth aerial image for the flight line. 
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5.2 Snow Measurements Deployment 2022 

 The field tests of the radar were performed in Grand Mesa, Colorado, during the period 

between 25th-March and 1st-April-2022. Three different locations are chosen to perform the radar 

flights to cover both forested and open areas as shown in Fig. 5.4. The radar flights are 

performed at 75 m altitude. The antennas were adjusted to point the antenna main beam 

vertically for snow depth measurements and spaced by 140 cm to achieve an isolation of 60 dB. 

 

Figure. 5.4 Field measurements for the UAV radar for 2022 deployment. 
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 Flight lines with a total length of 600-700 m for each flight were used to measure the 

snow depth in the area. The wind speed was about 3-6 m/s during the flights. The flight time was 

reduced to 7-10 minutes as the UAV batteries’ discharge rate is greatly affected by the altitude of 

the area. For radar snow depth measurements, the distance between the air-snow and snow-land 

surfaces needs to be adjusted based on the snow dielectric constant. Thus a snow tube is used to 

measure the snow density (𝜌𝑑) in the flight area which is basically a mass/volume ratio. At the 

location, it was found that the snow density varied between 0.27 and 0.31 g/cm3 with a mean of 

0.288 g/cm3 after averaging several points. The snow density is used to calculate the dielectric 

constant of the snow (𝜖𝑠) which is given by (5.1) [120]: 

                                         𝜖𝑠 = 1 + 1.7𝜌𝑑 + 0.7𝜌𝑑
2 + 8.7𝑊𝑣 + 70𝑊𝑣

2                                      (5.1) 

where, Wv is the snow wetness that (0.02 - 0.025). Based on these measurements, the 

dielectric constant of the snow is found to be about 1.8. For the snow depth, it was measured 

using a 3 m avalanche pole at several locations to validate the radar data. The actual GPS points 

for the in-situ measurements were compared to the UAV GPS points. Measured snow depths in 

the survey area varied between 1.5 and 2.1 m. Fig. 5.5(a) shows the radar echogram generated 

after Fourier transforming the raw data before SAR processing where the air-snow surface can be 

clearly seen. The off-angle scattering from the snow surface and volume made the snow-land 

interface a little blurry. With a fully focused SAR algorithm, both interfaces become more 

clearly visible because of improved resolution and higher signal-to-noise ratio as shown in Fig. 

5.5(b). Fig. 5.5(c) shows the corner reflector used as a radar calibration target is shown before 

and after SAR processing. The range hyperbola associated with the corner reflector extending 

over a distance of 35 m is focussed to about a 1-m spot.  
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(a) 

 
(b) 

  

(c) 

Figure. 5.5 Radar echograms for an open area (a) with FFT (b) after focused SAR (c) corner 

reflector before and after SAR. 

 

 

Calibration target  Calibration target 
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 Also, Figs. 5.6 and 5.7 show the radar echogram over an open area with light 

vegetation cover. Both top and bottom interfaces are clearly visible, with a small tress in the 

middle of the flight line. The estimated snow thickness varied between 1.5 and 2.1 over this 

flight line. Fig. 5.7(a), shows the flight line over the forested area with 20-25 m tall trees. The 

air-snow and snow-land interfaces are clearly seen under dense-tree cover.   

 

 

(a) 

 

(b) 

Figure. 5.6 Radar echograms for an open area (a) with FFT (b) after focused SAR. 
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Figure. 5.7 Radar echograms for an open area with light vegetation. 

 

 To measure the actual snow depth, the electrical range is converted to actual snow depth 

using the measured snow dielectric constant from the in-situ measurements. Then, the altitude is 

normalized to simplify depth monitoring over the entire flight line, as shown in Fig. 5.8(b). It can 

be seen that the snow depth varied between 1.4 and 2.1 m over this flight line. In addition, the 

UWB radar with high sensitivity is found to be capable of mapping snow internal layers, which 

are generally isochrones that permit analysis of sub-seasonal snow accumulation rate on a 

regional scale. These internal interfaces are resulting from variations in weather conditions 

including wind, temperature, and snowfall rate, and are called sometimes snow-ice layers.  

 To validate the snow internal layers measured by the radar, a snow pit with a 1×1.5 m2 

area and a depth of 2 m was created at one point at the middle of the flight line to reach the 

ground surface, as shown in Fig. 5.9 which illustrates a flight line in an open area that shows two 

strong-return internal layers. The first and second layers are approximately located 60 cm and 

120-140 cm underneath the air-snow interface, respectively. Both radar and in-situ 
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measurements are in good agreement for the internal layers inspection in the test area. Fig. 5.10 

shows a full flight line of 600 m over the area of interest. 

 
(a) 

 
(b) 

Figure. 5.8 Radar echograms for heavily-vegetated area (a) electrical range (b) true snow depth. 
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(a) (b) 

Figure. 5.9 (a) Internal layers in-situ measurement (b) radar echogram shows the snow’s internal 

layers. 

 

 
Figure. 5.10 A full flight line of 600 m length over the snow cover in 2022. 

 



 

91 

 

Fig. 5.11 shows one A-scope from the snow data. The phase and amplitude corrections 

show 3-6 dB improvements of SNR before the air-snow surface, while the SAR processor 

improves the SNR by approximately 35 dB while the maximum possible theoretical SAR 

processing gain is about 37 dB. The realized gain is within 2 dB of the maximum SAR 

processing gain. The small deviation from the ideal SNR improvement is caused by the rapid fall 

of coherent backscatter at the nadir and also by small phase errors introduced by UAV motion. 

The data reported here do not include compensation for motion-induced errors.   

Identification of the top and bottom interfaces of the snow cover is the first step in the 

snow depth measurements. Thus, the automated layer tracker reported in Chapter 4 is utilized to 

quickly and reliably identify these two layers in post-processing. After the two layers are 

identified, the estimation of snow depth is calculated by taking the difference between the 

bottom and top interfaces and multiplying this difference by the range resolution. In addition, 

this range is corrected for the effects of the snow’s dielectric constant.  

The result is an estimation of the actual snow depth for each chirp in the flight line as 

shown in Fig. 5.12. In this line, a frozen lake covered by 2 m of snow is seen. Three short flights 

in a grid pattern over the region of interest were performed over an open area of 300×150 m2.  

Then, the data of each flight line are tagged with the GPS data and then the automatic snow 

tracker is applied to estimate the snow depth.  
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Figure. 5.11 A-scope from the measured snow data before and after chirp corrections. 

 

  

(a)  (b) 

Figure. 5.12 (a) snow tracker top and bottom layers (b) UAV flight grid pattern. 

 

 

 The depth estimation is performed individually for all flight lines in the grid 

pattern. Once the estimation of every flight line is completed, the depth and position data for 

each flight line is loaded and concatenated. A meshgrid is formed from the conglomerated 

position and depth data. This meshgrid is finally plotted on a satellite image of the region of 
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interest. The result is a webmap display of the snow depth distribution over the area of interest as 

shown in Fig. 5.13. From the snow map, the snow depth with the position is seen. The snow 

depth exceeds 2 m, in some areas while in other areas it is about 1.3 m only, which is mainly 

depending on the surface terrain where it is more likely for the snow to accumulate in the lower 

areas relative to the higher ones. The total time needed to generate this map is approximately 4 

hours. 

  Fig. 5.14, shows the comparison between the in-situ measurements and the radar 

measurements for the snow depth at the same GPS points. It can be seen that the variation is 

about of ± 10 cm. Due to the difficulties in reaching the area, the in-situ measurement points 

were limited to a small number only. 

 
Figure. 5.13  Snow depth map from Colorado 2022 deployment. 
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Figure. 5.14 Radar measurements with in-situ manual measurements from Colorado 2022 

deployment. 

 

 

5.3 Snow Measurements Deployment 2023 

The miniaturized radar system (second prototype) with 1.5 kg weight was deployed over 

Colorado Grand Mesa during Feb-2023. The radar is configured with 4 GHz bandwidth from 

2.2-6.2 GHz and supported by the CVA array reported in Chapter 3. However, the antenna 

design was modified to start the lower frequency from 2.2 GHz instead of 2.77 GHz.  

Fig. 5.15 shows the radar test in the field. The test was performed over an area that was 

very close to the 2022 deployment. The weather condition was suitable for a UAV flight during 

the period Feb-1st to Feb- 4th. The wind speed was relatively constant between 1-5 m/s. The radar 

echogram from this deployment is shown in Fig. 5.16. The snow tracker is applied on this flight 

line to estimate the snow depth as shown in Fig. 5.17. 
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Figure. 5.15 Radar field deployment in Colorado 2023. 

 

 

Figure. 5.16 A full flight line of 600 m length over the snow cover in 2023. 
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Figure. 5.17 Auto snow interfaces tracker applied on 2023 radar data. 

 

 

 In this deployment, 5 parallel flights were performed to cover an area of 270×300 

m2 as shown in Fig. 5.18. The spacing between the line was set to be 30 m and the UAV height 

was 55 m. The radar used the 4 GHz bandwidth signal with 0 dBm transmit power to generate 

this map. The result snow map shows a snow depth variation between 1-2.2 m in the area as 

shown in Fig. 5.19. The in-situ measurement team found that the snow dielectric constant was 

about 1.6 in the test area and this value was used to correct the electrical range in the radar 

measurement.  

 For the next deployment, a hybrid engine UAV may be used to extend the flight 

time furthermore to scan a larger area.  The radar is capable to operate for about 60 minutes with 

its own batteries. Thus, a UAV with extended flight range will provide a wide range of test 

flights using the current radar systems. 
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Figure. 5.18 UAV flight grid pattern at 2023 deployment. 

 

 

 
Figure. 5.19 Snow map from 2023 deployment. 
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CHAPTER 6  

 CONCLUSION AND SUMMARY 

This chapter provides a summary of the dissertation’s major accomplishments: (1) the 

development of two compact UWB radars using an automotive radar evaluation board; (2) the 

design of compact and lightweight UWB antenna arrays for use on small UAVs; (3) results from 

field tests; and (4) future research directions. 

6.1 UWB Radars 

Small UAVs equipped with ultra-wideband (UWB) radars have a great potential for fine-

scale remote sensing of snow, soil moisture, sea and land ice, vegetation, coastal regions, and 

other targets. One of the major requirements for radars and other sensors for use in small UAVs 

is their lightweight and compact size. Radars using Monolithic Microwave Integrated Circuits 

(MMICs) can be developed. The cost of MMIC radars will require enormous resources, which 

are not available at typical university research institutions involved in remote sensing research. 

However, the industry has spent a lot of resources to develop mm-wave radar chips for 

automotive applications over the last few years. A novel approach to building a compact, 

lightweight FMCW radar for remote sensing applications is demonstrated by taking advantage of 

Commercial-Off-The-Shelf (COTS) mm-wave radar chips.  

As a part of this dissertation, UWB radars using mm-wave automotive RF sensor 

evaluation boards are developed. Two down-converters are developed and used to down-convert 

77-81 GHz mm-wave FMCW radars transmit signal into 2-6 GHz range. One of the down-

converters is developed using waveguide components and the other uses mm-chips. The received 
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FMCW signal in the 2-6 GHz range is up-converted into the mm-wave range for processing and 

digitization. The first prototype is developed using waveguide and connectorized components. 

The weight of the first prototype was 5.5 lb. A more compact and lightweight second prototype 

with a larger operating bandwidth is developed using mm-wave chips and has 3.3 lb. weight. A 

PCB capable of operating in the mm-wave range with mixers and power divider was successfully 

designed and fabricated. This board is wire bonded to the mm-wave radar evaluation board. The 

radars are tested at different altitudes from 55 to 100 m on the UAV with output power as low as 

0 dBm. 

6.2 UWB Antenna Arrays 

Different novel antennas were simulated, fabricated, and tested to support the UAV and 

manned aircraft radars in the field. The (8×8) DRA array achieved 50% impedance bandwidth 

with a gain value as high as 22 dBi.  Another linear DRA array with 8-element was designed and 

installed on the UAV with 83% bandwidth. In addition, Vivaldi array achieved a wide bandwidth 

up to 132% with as high as 25 dBi gain while keeping a lightweight of 200 gm. The antennas 

achieved the major requirements of the radars link budget, the UAV total payload, and showed 

very good performance in the field. 

6.3 Field Test Results 

The two UWB radars including the antenna arrays were integrated into small UAVs. The 

initial test flights were conducted over a field site in Tuscaloosa, Alabama. The site was selected 

to contain small grass covered soils, tall trees, and a small lake. The radar was flown in a grid 

pattern to collect data over several flight lines during the summer of 2021. 

The results from these flights demonstrated that the UWB radar with transmit power of 

about 10 mW can be used to collect calibrated backscatter data with fine resolution to obtain 

information on soil moisture, vegetation, and water levels.  
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Two more field tests were conducted to evaluate UWB radars performance over snow on 

Grand Mesa, Colorado during 2022-2023 field seasons. The radar data were collected in 

conjunction with detailed in-situ measurements that included snow thickness, snow density, and 

internal layers. Signal and data processing algorithms to correct for the system amplitude and 

phase non-linearity were modified and applied to obtain close to ideal point target responses. 

Also, a SAR processor developed for UWB FMCW radars was modified and applied to data 

collected to generate SAR images to generate snow thickness estimates.  

The results over snow showed that very low-power UWB FMCW radar with transmit 

power as low as 1 mW can map snow-air and snow-land interfaces with  𝑆𝑁𝑅 ratio of more than 

25 dB. The SAR images used to estimate snow thickness and generate snow thickness maps for 

areas flown by the UAV. The snow thickness estimates obtained from radar data were within ±  

10 cm of the in-situ measurements.  

6.4 Publications List  

This section summarizes the first author’s publications published during the enrollment in 

the Ph.D. program at the University of Alabama. 

6.4.1 Journal Publications 

1. F. Abushakra et al., "Snow Depth Measurements with Ultra-Wideband Compact FMCW 

Radar on a small Unmanned Aircraft System," in IEEE Journal of Radio Frequency 

Identification, doi: 10.1109/JRFID.2023.3259240. 

2. Feras Abushakra et al.  “Ultra-wideband Coplanar Vivaldi Antenna Array with Dielectric 

Patch Antenna for Grating Lobes Suppression” in IEEE Access, vol. 10, 2022, doi: 

10.1109/ACCESS.2022.3175840. 
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3. Feras Abushakra et al.  “A Miniaturized Ultra-Wideband Radar for UAV Remote Sensing 

Applications” in IEEE Microwave and Wireless Components Letters (MWCL), vol. 32, no. 3, 

pp. 198-201, March 2022, doi: 10.1109/LMWC.2021.3129153. 

4. Feras Abushakra, A. Al-Zoubi, I. Al-Hmoud, T. Walpita, and N. Jeong, "Wideband and High-

Efficiency 64-Element RDRA Array for Radar Applications," in IEEE Open Journal of 

Antennas and Propagation (OJAP), vol. 2, pp. 932-936, 2021. 

5. Feras Abushakra and Nathan Jeong, "Frequency Band Rejection Technique Based On the 

Operating Modes For a Wideband H-Shaped DRA",  Applied Computational 

Electromagnetics Society Journal (ACES), vol. 36, no. 2, pp. 168-173, 2021. 

6. Feras Z. Abushakra, Asem S. Al-Zoubi, Ismail Uluer, and Derar F. Hawatmeh, "Ultra-
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6.4.3 Conference Publications 

1. F. Abushakra et al., "Ultra-Wideband Ceramic-Based Dielectric Resonator Antenna Array For 

Radar Applications," 2022 International Workshop on Antenna Technology (iWAT), 2022, pp. 
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2. F. Abushakra and Prasad Gogineni "Drone-Based FMCW Radar For Remote Sensing 
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6.5 Future Works 

The use of automotive radar chips to develop UWB radars for use on UAVs for remote 

sensing is demonstrated as a part of this dissertation. There are further opportunities for 

innovative applied research exploiting the full capability of the radar chips. 

1. One of the areas for future research is to make the frequency range of operation, center 

frequency, and bandwidth selectable based on the measurement requirements and 

operational constraints. For example, for soil moisture measurements, the frequency range 

of operation over 1-5 GHz is much more desirable to match existing and future satellite 

missions’ frequencies in L (1.25 GHz), S (3.2 GHz) and C (5.3 GHz) bands.  

Radars operating at much lower frequencies in VHF and UHF are needed for soil-water 

content and sea-ice measurements. These can be accomplished by making PLO frequency 

selectable, and up- and down-converter filters tunable or easily replaceable. 

2.      Polarimetric radars will provide much more useful information on vegetation and bio-mass.  

Polarimetric UWB radars can be developed by exploiting MIMO capability of automotive 

radar chips and developing dual-polarized transmit and receive antenna arrays. Most of 

automotive radar chips contain a minimum of two transmitter and four receiver channels to 

synthesize a large virtual cross-track array.  

One of the transmitters can be connected to a V-polarized antenna array and the other to an 

H-polarized antenna array. One of the receivers can be connected to a V-polarized receive 

antenna array and the other to an H-polarized receive array. As shown in table 6.1, 

polarimetric data can be collected on alternate chirps. 
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Table 6.1   polarimetric radar data. 

Chirp # Transmit Polarization Receive Polarization 

1 V VV, VH 

2 H HH, HV 

 

3.    As a part of the dissertation, use of mm-wave chips to develop an up-down converters is 

demonstrated. There is an opportunity to further miniaturize and develop more advanced 

UWB radar for remote sensing. MM-wave amplifier and mixer chips are available to 

further miniaturize and develop a fully integrated system that weighs only 2 lbs or less. 

4.    Generate a soil moisture map similar to what we have done for the snow map. 

5.    Perform more experiments on the bi-static UAVs measurement over snow. 

6.    Operate the radars on a hybrid engine UAV to extend the flight time up to two hours to 

scan wide areas. 

7.   Gimballed antenna mount on a UAV to point the antenna beam at nadir because mapping 

snow-air, snow-land, and internal layers depends on coherent returns from these interfaces. 

These returns fall-off very rapidly with the incidence angle. 
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