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In-Situ, High-Resolution Radar Imaging of Dynamic Targets Using an 
Ultra-Wideband Radar 

 

Chenchen Jimmy Li, Ph.D. 
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Supervisor:  Hao Ling 

 

This dissertation investigates in-situ, high-resolution radar imaging of dynamic 

targets using an ultra-wideband (UWB) radar. Three challenging classes of dynamic 

targets are investigated: wind turbines, vehicles, and small consumer drones. First, the 

measurement and processing methodologies are developed to capture the inverse 

synthetic aperture radar (ISAR) image of an operating horizontal-axis wind turbine. 

Measurement data of a small three-blade wind turbine are collected using a UWB radar, 

and the measured signatures are compared to simulation results based on physical optics. 

The backscattering phenomenology is examined in the sinogram, spectrogram, and ISAR 

image domains. The same methodologies are then applied to generate the in-situ ISAR 

imagery of an 18-blade windmill and a 1.7 MW utility-class wind turbine. Next, the radar 

signatures of a vertical-axis wind turbine are studied. Measurement and simulation are 

carried out for a 1.5 m tall Darrieus-type turbine model. Interpretation of the dominant 

backscattering mechanisms is carried out. Subsequently, the radar signatures of a 112 m 

tall turbine are examined using simulation. Second, wide-angle ISAR imaging of vehicles 

is investigated. Measurement data of moving vehicles are collected using a stationary 

roadside UWB radar. The generated baseline ISAR images show a clear distinction 

between different-sized vehicles. The images are further focused through motion 
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compensation using a p-norm minimization. The resulting images are well focused and 

correspond closely to the physical dimensions of the vehicles. Third, the ISAR imaging 

of small consumer drones is considered. Laboratory measurement is conducted first, 

where the drones are rotated on a turntable and the backscatterered data are collected over 

a wide frequency band to form high-resolution images. The effects of frequency band, 

aspect, polarization, dynamic blade rotation, camera mount, and drone types are 

examined. Subsequently, ISAR imaging of in-flight drones, from data collected using a 

stationary UWB radar on the ground, is demonstrated. Finally, synthetic aperture radar 

(SAR) imaging using a small drone as the radar platform is explored. The entire system 

including a UWB radar, antennas, a camera, and a single-board computer fits on the 

small drone and is controlled through a Wi-Fi connection. Both the side-looking and 

downward-looking SAR scenarios are presented. 
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Chapter 1:  Introduction 

1.1 BACKGROUND 

Microwave radar is an active sensor that transmits microwave energy and detects 

the reflected microwave signal from a scene to gather information about the scene. Since 

microwave can penetrate through clouds and work in the dark, microwave radar can 

operate 24-7 in all-weather conditions. A typical pulse radar transmits and receives short-

duration pulses in order to collect reflectivity data of the scene as a function of pulse 

travel time, which is proportional to the distance (or range) of various scatterers in the 

scene from the radar. The resulting reflectivity data as a function of range is called a 

range profile. The range resolution in distinguishing the various scatterers in a range 

profile is determined by Δ𝑟 = 𝑐/2𝐹, where 𝑐 is the speed of light and 𝐹 is the equivalent 

bandwidth of the pulse. For example, if the equivalent bandwidth of the radar pulse is 0.5 

GHz, Δ𝑟 = 0.3	m. The range profile is only a one-dimensional image. To form a two-

dimensional (2-D) image of the scene, similar to what an optical system is capable of 

generating, a radar must utilize an antenna with a narrow beam. For example, in a side-

looking airborne radar (SLAR), an aircraft-mounted antenna is pointed perpendicular to 

the flight path and it transmits and receives a series of pulses. The resulting radar image, 

formed using the real-aperture antenna, has an azimuthal (or cross-range) resolution 

determined by the beamwidth of the antenna as Δ𝑐𝑟 = 𝑟	×	𝑏𝑒𝑎𝑚𝑤𝑖𝑑𝑡ℎ, where 𝑟 is the 

range. For example, using an antenna with a 1° beamwidth, Δ𝑐𝑟 = 167 m for targets 

located 10 km away from the radar. Since the beamwidth of an antenna is inversely 

proportional to the electrical size of the aperture, the cross-range resolution is inversely 

proportional to the size of the antenna aperture. Therefore, to achieve fine cross-range 
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resolution in a radar image, an electrically large antenna is needed, which is often 

difficult to realize in practice in the microwave frequency range.  

The synthetic aperture radar (SAR) imaging concept was invented in the early 

1950s for airborne radar to provide enhanced azimuth resolution without the need for a 

large physical aperture [1-4]. By collecting and coherently processing a series of pulses 

from a moving aircraft (where each return pulse corresponds to the range profile from a 

different aspect of the scene being imaged), a synthetic aperture is formed that effectively 

narrows the beamwidth. It can be shown that the cross-range resolution is approximately 

related to the size of the synthetic aperture as Δ𝑐𝑟 = 𝜆;/2Φ, where 𝜆; is the center 

frequency of the pulse and Φ is the angular swath of the collection. The basic assumption 

in forming a SAR image is that the aircraft moves in a straight line at a constant velocity. 

However, in practical data collection, the aircraft motion may deviate from this 

assumption. In order to form a focused image, a motion compensation (or auto-focusing) 

algorithm is often applied with the aid of known motion data of the aircraft collected 

using on-board instruments [2, 3, 5, 6]. 

The typical SAR imaging scenario entails a moving radar and stationary targets in 

a scene, where different aspects of the target reflectivity are collected through movement 

of the radar. However, it is also possible to take advantage of the motion of a moving 

target with respect to a stationary radar to generate a radar image of the target. In this 

case, different aspects of the target reflectivity are collected through the motion (in 

particular, the rotation) of the target. The inverse synthetic aperture radar (ISAR) concept 

was introduced in the early 1980s [7, 8] for the imaging scenario with a moving target 

and a stationary radar. The imaging principles are the same as SAR—oftentimes ISAR is 

said to be equivalent to the spotlight SAR scenario [2]. The range and cross-range 

resolution equations are the same, except Θ is now the angular swath due to the target 
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rotation. A significant complication with ISAR is that blind motion compensation is 

needed to form a focused image since the motion of the target is generally not known. 

Sophisticated motion compensation algorithms must be applied to form a focused image 

[5, 7-13]. Usually, these algorithms are based on some motion model (for both translation 

and rotation) with unknown parameters. The assumption that one or more prominent 

point scatterers on the target are visible throughout the image collection interval is then 

made to determine the motion parameters from the data and generate a focused image. 

 

1.2 MOTIVATION 

While radar imaging techniques (SAR and ISAR) are well established, recent 

advances in radio-frequency integrated circuits (RFICs) are having a significant impact 

on reducing the size and weight of radar components, therefore expanding radar imaging 

beyond purely military applications. One particularly interesting area is the development 

of commercial ultra-wideband (UWB) technology. In 2002, the Federal Communications 

Commission (FCC) allocated spectrum for the commercial usage of low-power UWB 

technologies for communications and sensing [14]. Since then, commercial UWB devices 

have become popular. One of the great appeals of UWB devices for radar applications is 

that they can provide high-resolution range information due to the wide bandwidth (at the 

centimeter level). The design of receiver architecture has been improved to deal with the 

wide instantaneous bandwidth. The conventional heterodyne receiver design requires a 

broadband analog-to-digital converter (ADC) to cover the wide bandwidth of the pulse. 

An ADC of this nature would typically have heavy power consumption and limited 

number of bits. Thus, different sampling schemes have been proposed such as 

subsampling [15] and equivalent time sampling [16-18]. A low power realization is 
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implemented by the Time Domain Corporation in their commercial UWB transceivers, of 

which the latest generation is the PulsON 410 (P410) [19]. The P410 emits short pulses at 

a pulse repetition frequency (PRF) of 10 MHz with an equivalent frequency bandwidth 

from 3.1 to 5.3 GHz centered at 4.3 GHz. The pulse shape was engineered to be 

compatible with FCC regulations. Furthermore, the pulses are pseudo-random coded to 

overcome the 15 m maximum unambiguous range (due to the 10 MHz PRF) and improve 

the signal-to-noise ratio (SNR). Overall, the P410 is a low-cost platform with low power 

consumption (4-9 hours of continuous operation on its 35 Wh battery pack), high 

portability (contained on a single 3” x 3.15” board), and a convenient universal serial bus 

(USB) interface. It represents the latest state-of-the-art in UWB transceiver technology. 

More importantly, this instrument opens up many new possibilities of portable, in-situ 

radar measurements, which were prohibitive in the past. 

By having a large pulse bandwidth, UWB transceivers can provide high-

resolution range information. However, in order to obtain equally high-resolution in 

cross-range, the physical or synthetic collection aperture must also be increased. For 

physical apertures, the use of 1-D arrays combined with UWB radars for high-resolution 

imaging has been investigated in the context of through-wall imaging [20-25]. Advanced 

signal processing algorithms such as MUSIC or RELAX have also be applied to further 

reduce the physical size of antenna arrays [26-28]. For synthetic aperture imaging, some 

previous works on generating high-resolution SAR images [25, 29] and ISAR images 

[30] have been reported in the literature. However, they are laboratory measurements 

where the synthetic collection aperture is increased on well-controlled rails or turntables. 

The use of UWB radars for in-situ synthetic aperture collection is largely unexplored and 

warrants further investigation. 
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1.3 SCIENTIFIC OBJECTIVE AND APPROACH 

The objective of this dissertation is to investigate and demonstrate the use of a 

portable UWB radar system to achieve in-situ, high-resolution radar imaging of moving 

targets. The scientific question we set out to address is the following. Since UWB radar 

provides high range resolution, can an equally high cross-range resolution be obtained 

through an increased synthetic aperture for in-situ data collection? Only if this is 

realizable will a high-resolution, two-dimensional image result, thus fulfilling the true 

potential of UWB imaging. Under realistic conditions, either the radar platform (as in 

SAR) or the target (as in ISAR) can deviate significantly from the highly idealized 

motions assumed in the motion compensation model, making the motion compensation 

task much more challenging. In particular, three challenging classes of moving targets 

will be investigated — wind turbines, vehicles, and small drones. The unique dynamic 

radar signatures of these targets will be investigated and exploited to facilitate radar 

image processing and image interpretation. To achieve this objective, the following 

approach is implemented: (1) develop measurement and simulation methodologies for 

moving targets, (2) collect in-situ data using a UWB radar, (3) develop and implement 

motion compensation and image formation algorithms to form high-resolution radar 

images, (4) compare and validate images from measurement and simulation data, and (5) 

interpret the resulting radar images and investigate the scattering phenomenology. 

 

1.4 ORGANIZATION 

This dissertation is organized as follows. In Chapter 2, we introduce the basic 

radar imaging theory that is used throughout this dissertation. In Chapter 3, we discuss 

the ISAR imaging of wind turbines. The interaction between wind farms and radar waves 

is a topic of current interest [31-47]. The time-varying radar scattering from the rotating 
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blades of a wind turbine creates Doppler clutter that may interfere with radar detection 

and tracking. Understanding the detailed radar scattering phenomenology of wind 

turbines is therefore an important step toward assessment and mitigation. In Chapter 4, 

we investigate vertical-axis wind turbines. Recently, the US Department of Energy is 

considering vertical-axis wind turbines as a candidate for off-shore wind power 

generation [48]. Some of the potential advantages of a vertical-axis wind turbine over its 

horizontal-axis counterpart include better scalability to large sizes and mechanical 

simplicity for service and maintenance. From the radar perspective, it becomes important 

to evaluate how the radar signatures of a vertical-axis wind turbine differ from those of 

the more commonly seen three-blade horizontal-axis wind turbine. In Chapter 5, we 

discuss the ISAR imaging of vehicles. Radar is a possible alternative to optical cameras 

for vehicle sensing in traffic monitoring and perimeter security applications [49-56]. SAR 

imaging of stationary ground vehicles from airborne sensors has already been a subject of 

extensive investigations in the past [49-52]. We investigate whether ISAR imaging of 

moving vehicles from a stationary radar may also be realized under proper conditions. In 

Chapter 6, we discuss the ISAR imaging of a small drone. The proliferation of small 

consumer drones has raised strong interest in the regulation and monitoring of these 

drones [57-60]. We investigate whether the vehicle imaging methodology can be 

extended to image a drone in flight. In Chapter 7, we discuss SAR imaging by using the 

small drone as a radar platform. This topic is motivated by the recent boom on the use of 

small drones for aerial photography. The use of these low-cost drones for radar imaging 

could open up some interesting potential applications in scientific, agricultural, 

environmental, and structural health monitoring. Finally, in Chapter 8, we provide a 

detailed conclusion and potential future work is discussed.  
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Chapter 2: Basic Radar Imaging Theory and Formulation 

In this chapter, we provide the basic radar imaging theory and formulation that 

will be used throughout this dissertation. The goal of radar imaging is to identify the 

spatial location and backscattering strength of the scatterers on a target based on its radar 

backscattered data. We begin with the forward problem. That is, given a target, what is 

the radar backscattered field? A commonly used approach to model the backscattering of 

a target is the so-called “point-scatterer model,” or “scattering center model.” The 

premise of this approach is that the scattering from a complex target can be 

approximately modeled as scattering (or re-radiation) from highly localized scattering 

centers on the target. Hence, a complex target can instead be sparsely represented by a 

collection of discrete scatterers on the target. Fig. 2.1 illustrates an example scenario in 

which a complex target (an airplane) is illuminated by a distant radar. We model the 

target as a collection of discrete point scatterers, and the backscattered signal from the 

target is considered to originate from these scatterers. Fig. 2.1 also shows the associated 

 

Fig. 2.1 Illustration of a point-scatterer model of a complex target and the associated 
range profile. 
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high-resolution range profile collected by the radar. In essence, the range profile is a map 

of the strength of the scattering centers that are located on the target along the range 

dimension. A range profile can therefore be considered as a “one-dimensional radar 

image” of the target. If we extend this concept into the cross-range dimension (i.e., the 

direction perpendicular to the range), a two-dimensional radar image is then a map of the 

strength of the scattering centers in the range and cross-range dimensions.   

It should be pointed out that the point-scatterer model can be related to first-

principle electromagnetic theory through high-frequency ray optics, also known as the 

geometrical theory of diffraction (GTD) [61, 62]. In GTD, high-frequency 

electromagnetic wave scattering by a target is described through reflected and diffracted 

rays. These rays are produced by incident rays that hit reflection or diffraction points 

such as specular reflections from smooth surfaces, edge diffractions from edges and tips, 

as well as multiple scattering from dihedral and trihedral surfaces. This is illustrated in 

 
  

 
(a) 

 
(b) 

 

 
 

 
 

(c) (d) 

Fig. 2.2 GTD scattering mechanisms. (a) Surface reflection. (b) Edge diffraction. (c) 
Cone tip diffraction. (d) Dihedral corner reflection. 
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Fig. 2.2. These reflection or diffraction points correspond to the scattering centers in the 

point-scatterer model. However, while the scattering amplitudes of a limited number of 

canonical structures have analytical solutions, the scattering amplitude of a more general 

structure may not have an analytical solution. Nevertheless, the point-scatterer model is a 

well-accepted way to describe the scattering from a complex target. 

Let us now continue with the formulation for the forward problem. Consider the 

scenario in Fig. 2.3, where there is a point scatterer located at (𝑥?, 𝑦?). In this scenario, 

the radar is located at infinity, in the third quadrant, and is operating under the monostatic 

scenario (the transmitter (Tx) and receiver (Rx) are collocated). Relative to a reference 

point scatterer located at the origin, the return from the point scatterer located at (𝑥?, 𝑦?) 

travels an extra 2(𝑥? cosϕ + 𝑦? sinϕ) distance from the radar. The backscattered field 

can then be expressed as: 

 

𝐸L(𝑘, ϕ) = 𝐴L𝑒OPQR(ST UVWXYZT W[\X) (2.1) 

 

 

Fig. 2.3 Illustration of sample forward problem. 
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where	𝑘 =
2𝜋
𝜆 =

2𝜋𝑓
𝑐 																					 (2.2) 

 

𝐸L is the backscattered field, 𝐴L is the amplitude of the backscattered field, ϕ is the 

incident angle, 𝑓 is frequency, and 𝑐 is the speed of light. Here, the phase of the 

backscattered field is relative to that from a point scatterer at the origin. Eq. (2.1) can be 

more conveniently rewritten as: 

 

𝐸L(𝑘S, 𝑘Z) = 𝐴L𝑒OPRcST𝑒OPRdZT (2.3) 

 

where	
𝑘S = 2𝑘 cosϕ =

4𝜋𝑓
𝑐 cosϕ

	

𝑘Z = 2𝑘 sinϕ =
4𝜋𝑓
𝑐 sin	 ϕ

 (2.4) 

 

Examining Eq. (2.3), we can see that the phase of the rewritten expression is linear in 𝑘S 

and 𝑘Z. Note, 𝐴L accounts for the strength of the transmitted field, the propagation loss 

between the target and radar, and the strength of the scatterer. Since the former two are 

the same for all point scatterers on the target in the far-field limit, 𝐴L is proportional to 

the strength of the scatterer. Under the assumption that there is no multiple scattering 

between point scatterers, the expression for the scenario with multiple point scatterers in 

the scene simply becomes a summation of the backscattered fields from individual point 

scatterers: 

 

𝐸L(𝑘S, 𝑘Z) = 𝐴fL 𝑒OPRcSg𝑒OPRdZg
h

fij

 (2.5) 
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This constitutes the signal model for the forward scattering problem. 

 Next, we examine the inverse problem (where we want to find 𝐴fL , 𝑥f, and 𝑦f 

from 𝐸L). One method to solve this problem is to use a 2-dimensional (2-D) inverse 

Fourier transform (IFT). Recognizing that the scattered field model is a summation of 

exponential terms with linear phase in 𝑘S and 𝑘Z, we can perform an inverse Fourier 

transform operation to extract the location information contained in the phase of the 

scattered field: 

 

𝐼𝑚𝑎𝑔𝑒 𝑥, 𝑦 =
1
2𝜋 Q 𝐸L 𝑘S, 𝑘Z 𝑒PRcS𝑒PRdZ𝑑𝑘S𝑑𝑘Z

m

Om

 (2.6) 

 

Plugging in Eq. (2.5) into Eq. (2.6) results in: 

 

𝐼𝑚𝑎𝑔𝑒 𝑥, 𝑦 =
1
2𝜋 Q 𝐴fL 𝑒PRc SOSg 𝑒PRd ZOZg

h

fij

𝑑𝑘S𝑑𝑘Z

m

Om

 

 

= 𝐴fL 𝛿 𝑥 − 𝑥f 𝛿 𝑦 − 𝑦f

h

fij

										 

(2.7) 

 

Thus, the resulting 𝐼𝑚𝑎𝑔𝑒 𝑥, 𝑦  is a 2-D map that will show all of the scatterers on the 

target at (𝑥f, 𝑦f) of amplitude 𝐴fL . In summary, the 2-D IFT transforms the multi-

frequency, multi-aspect backscattered data into a 2-D image that maps the location and 

backscattering amplitude of each scatterer. The forward and inversion models presented 

thus far based on the point-scatterer model are exceedingly simple. There are, however, 
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several complications that need to be addressed. First, the scattered field cannot be 

collected over an unbounded 𝑘S and 𝑘Z space. This will limit the image resolution 

achievable in practice. Second, to reduce the computational complexity of the 2-D IFT 

operation, an inverse fast Fourier transform (IFFT) can be applied. These two issues will 

be discussed further next. 

 To collect data in measurement, multi-frequency data are collected at each aspect 

angle by varying the frequency content of the radar signal. Multi-aspect data are collected 

by either moving the radar around a stationary target (as in SAR) or by the rotation of the 

target while observing it from a stationary radar (as in ISAR). From this physical 

standpoint, it is common to denote 𝑥 as range (or down-range) and 𝑦 as cross-range. This 

is illustrated in Fig. 2.4. 

 

 

 Let’s consider the simple case in which data are collected uniformly in frequency 

and angle. From Eq. (2.4), it is clear that data collected in such a fashion would be in 

“polar form” in k-space, as shown in the left half of Fig. 2.5. While a brute-force 2-D IFT 

 

Fig. 2.4 Radar imaging illustration. 
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can be used to generate the image from such data, the complexity is 𝑂 𝑁r  due to 

𝑁s	×	𝑁X operations for each of the 𝑁S	×	𝑁t points in the image. A 2-D IFFT would 

reduce the complexity to 𝑂(𝑁Q logQ 𝑁). However, a 2-D IFFT would require the data to 

be uniform in 𝑘S and 𝑘Z. One solution is to perform a polar-to-rectangular reformatting 

(or “polar reformatting”) of the data. In other words, the data on the uniform 𝑘S-𝑘Z grid 

are interpolated from the data that are collected uniformly in frequency and angle. This 

can be done using, for example, a bilinear interpolation [63]. Fig. 2.5 illustrates the polar 

reformatting step. Subsequently, a 2-D IFFT of uniformly sampled k-space data is 

performed to generate the image.  

 

 

 It is clear that the frequency bandwidth and angular bandwidth of the data 

collection limit the region of the accessible k-space. This in turn limits the achievable 2-D 

image resolution. To discuss this issue, let us consider the “narrow-band, small angle” 

imaging scenario (data are collected over a narrow bandwidth, 𝐹, and a narrow angular 

aperture, Φ). While this is an idealized case, and real data collection (including those to 

 

Fig. 2.5 Polar reformat illustration. 
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be discussed in the later chapters) may deviate from this case, it is mathematically 

simpler to consider and provides some useful, approximate guidelines in the collection 

requirements. We make the following approximations as shown in Eq. (2.8): 

 

𝑘S =
4𝜋𝑓
𝑐 cosϕ ≅

4𝜋𝑓
𝑐 					

		
	

𝑘Z =
4𝜋𝑓
𝑐 sinϕ ≅

4𝜋𝑓;
𝑐 ϕ

 (2.8) 

  

where 𝑓; is the center frequency of the data. After making such approximations, we 

notice that the frequency and angle terms are now decoupled in the phase (𝑘S is only 

dependent on 𝑓, and 𝑘Z is only dependent on ϕ). The resulting approximation leads to the 

geometrical construct in the left half of Fig. 2.6. Under this approximation, data that are 

collected uniformly in 𝑓 and ϕ are sampled uniformly on a rectangular grid in 𝑘S and 𝑘Z. 

Since the data are already uniform in 𝑘S and 𝑘Z, the image can simply be generated 

through a 2-D IFFT of the data collected uniformly in frequency and angle without polar 

reformatting. 

 

 

Fig. 2.6 Image spot size illustration. 
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Under this approximation and using standard Fourier transform analysis, we can 

find the expressions for the spot size of the “point spread response” in the image. The 

down-range resolution is inversely proportional to the extent of the data in 𝑘S, which we 

denote as 𝐾S. Similarly, the cross-range resolution is inversely proportional to the extent 

of the data in 𝑘Z, which we denote as 𝐾Z. This is illustrated in Fig. 2.6. The expressions 

for the range and cross-range resolution can then be derived easily and are given by Eq. 

(2.9). These are exactly the same expressions that were given in Chapter 1. Again, we can 

see that the range resolution is inversely proportional to the frequency bandwidth. Thus, 

the wider the bandwidth, the finer the range resolution. The cross-range resolution is 

inversely proportional to the angular swath of collection with a proportionality constant 

that is half the wavelength at the center frequency of the radar. Thus, the larger the 

collection aperture and higher the collection frequency, the finer the cross-range 

resolution. 

 

𝛥𝑟 = 𝛥𝑥 =
2𝜋
𝐾S

=
2𝜋𝑐
4𝜋𝐹 =

𝑐
2𝐹										

	

𝛥𝑐𝑟 = 𝛥𝑦 =
2𝜋
𝐾Z

=
2𝜋𝑐
4𝜋𝑓;Φ

=
𝜆;
2Φ

 (2.9) 

  

In addition to the down-range and cross-range resolutions, it is also important to 

take into consideration the maximum unambiguous down-range and cross-range windows 

as a result of the uniform sampling in the k-space. Based on Fourier analysis, the 

maximum unambiguous windows in range and cross-range are determined respectively 

by the frequency and angular sampling densities. Expressions for the maximum 

unambiguous down-range and cross-range are given in Eq. (2.10): 
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𝑋 = 𝑅 =
2𝜋
𝛥𝑘S

=
𝑐
2𝛥𝑓					

	

𝑌 = 𝐶𝑅 =
2𝜋
𝛥𝑘Z

=
𝜆;
2𝛥ϕ

 (2.10) 

 

They are very similar to the resolution expressions in Eq. (2.9), except that the frequency 

and angular extents are replaced by the frequency and angular sampling steps. An 

illustration of the relationships is shown in Fig. 2.7. The dashed-red box in Fig. 2.7(b) 

shows the maximum unambiguous image window. A window that is smaller than the 

target would result in aliasing in the image. 

 

 

In this chapter, we have provided the framework for the radar imaging that will be 

used throughout this dissertation. It is established that both SAR and ISAR imaging 

require multi-frequency, multi-aspect data of the target to be collected. The formulation 

described in this chapter is known as “k-space” imaging, where a 2-D IFT transforms the 

k-space data into a 2-D image of the target. In order to achieve high resolution in the 2-D 

image, both a wide bandwidth and angular swath are needed. In addition, sufficiently 

 

Fig. 2.7 Image unambiguous range illustration. 
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dense sampling is needed in both frequency and angle in order to ensure that the final 

resulting image is not aliased. Lastly, in practice, the measurement scenario may not fit 

this highly idealized model. For example, the angular sampling in measurement will 

typically not be uniform. In ISAR scenarios, the angle at which the data are collected is 

not even known. The solutions to these non-idealities are discussed and implemented as 

they arise in the subsequent chapters. 
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Chapter 3: ISAR Imaging of Horizontal-Axis Wind Turbines1, 2, 3 

3.1 INTRODUCTION 

Due to the growing demand for wind energy, the number of wind farms has been 

increasing rapidly worldwide. As a result, the interference of wind farms on radar 

operations has been a problem of growing concern for the radar community [31-34]. The 

large electrical size of utility-class wind turbines gives rise to significant radar clutter. In 

particular, the time-varying radar scattering from the rotating blades of a wind turbine 

creates Doppler clutter that may interfere with moving target detection and tracking. 

Understanding the detailed radar scattering phenomenology of wind turbines is therefore 

an important step toward assessment and mitigation. Significant efforts have been 

devoted in the electromagnetics community to simulating, measuring, and analyzing the 

radar signatures of wind turbines [35-47]. To date, the most complete in-situ 

measurement data set was collected by the Air Force Research Laboratory in 2006 of a 

wind farm located in Fenner, NY [35, 36]. Data were collected at discrete frequencies in 

the L, S, C, and X bands. The resulting time-varying radar returns at each frequency were 

then processed using the short-time Fourier transform (STFT) [11] into Doppler 

spectrograms, which showed strong positive and negative Doppler flashes at 60° blade 

rotation intervals. Simulations were also conducted using high-frequency ray tracing to 

corroborate the measurement findings. Subsequent works [37-45] have largely followed 

                                                
1 C. J. Li, S.-T. Yang, and H. Ling, “In-situ ISAR imaging of wind turbines,” IEEE Trans. Antennas 

Propag., vol. 64, pp. 3587-3596, Aug. 2016. 
2 C. J. Li, S.-T. Yang, and H. Ling, “ISAR imaging of a windmill – measurement and simulation,” in Proc. 

European Conference on Antennas and Propagation, The Hague, Netherlands, pp. 1-5, Apr. 2014. 
3 C. J. Li and H. Ling, “On simulating the high-resolution radar image of a wind turbine,” in Proc. 

European Conference on Antennas and Propagation, Davos, Switzerland, pp. 1-2, Apr. 2016. 
Chenchen Jimmy Li was the primary author for all content in the above publications. 
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this line of investigation, i.e., focusing on the Doppler features of wind turbines at a fixed 

frequency. 

In fact, the down-range features of a turbine as a function of time (or the so-called 

sinogram) could also provide useful information on turbine scattering. Surprisingly, very 

little attention has been paid to sinograms of wind turbines. Moreover, when the down-

range and Doppler information are properly combined, a two-dimensional (2-D) radar 

image of the turbine can be constructed. This is the well-established ISAR imaging 

technique often used to examine radar signatures of complex targets [7, 8]. In the 

standard instrumentation ISAR scenario, the target is assumed to be under constant 

rotational motion—which is already present in the relatively constant rotation of wind 

turbine blades. Therefore, it becomes possible to collect the desired data from an 

operating wind turbine using a stationary radar without any additional sensor movement.  

In this chapter, we set out to collect in-situ radar data over a broad frequency 

bandwidth from a wind turbine and construct its ISAR image. The resulting imagery can 

resolve the prominent scattering features in both the down-range and Doppler (or cross-

range) dimensions. This in turn provides additional insights that may not be available in 

either the down-range or Doppler domain alone. In addition, any motion anomalies 

associated with the turbine blades can be captured. We demonstrate the feasibility of 

ISAR imaging a wind turbine in-situ and examine its scattering phenomenology in the 

ISAR image plane in detail. In-situ measurements are carried out using the P410 UWB 

radar system [19]. One of the key challenges in the measurement is to collect high-

resolution range profiles at a sufficiently high sampling rate to capture the Doppler 

information without aliasing. To develop and validate the measurement and processing 

methodologies, we first examine a small Skystream wind turbine with a 3.7 m rotor 

diameter. The backscattered data are post-processed into sinograms, spectrograms, and 
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ISAR images. The unique shape of the blades is clearly revealed in the resulting ISAR 

imagery. Results are also compared to those based on the physical optics (PO) simulation 

of the turbine model computed using FEKO [64]. The backscattering phenomenology is 

then examined in detail. Once the measurement and simulation methodologies are 

established and validated on the small wind turbine, we apply the same methodologies to 

larger structures: a 5 m rotor diameter windmill and finally a 1.7 MW utility-class wind 

turbine with a rotor diameter of 100 m. 

 

3.2 METHODOLOGY 

3.2.1 Measurement 

In-situ measurements are made at a local wind turbine in Georgetown, Texas 

using the P410 radar. Two dual-ridged broadband horns are used as transmitting and 

receiving antennas. Coherent pulse integration is used to improve the signal-to-noise 

ratio. The radar sampling rate for consecutive range profiles is set to 250 Hz. This 

sampling rate is upper-bounded by a number of factors including the number of range 

bins measured, the number of coherently integrated pulses to form a range profile, as well 

as the radar-to-computer data transfer rate. It must be greater than the maximum Doppler 

extent of the wind turbine return to coherently process the range profiles into an unaliased 

ISAR image. 

The radar is situated on the ground with the antennas pointed up towards the 

turbine. The turbine from the radar perspective is approximately at a θ = 60° elevation 

angle onto the frontal, head-on view of the wind turbine (yaw angle = 0°). Fig. 3.1(a) 

shows the measurement layout, Fig. 3.1(b) shows a photo of the target wind turbine at a 

60° elevation angle, and Fig. 3.1(c) shows the measurement collection setup including the 
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two horn antennas, the P410 radar unit, and a laptop computer. The measurement 

distance is approximately 27 m to the hub of the wind turbine. 

 

The turbine rotor diameter is 3.7 m. The rotation rate was approximately 20 rpm 

during the collection. Taking the frontal perspective (at a +60° elevation angle) reduces 

the maximum down-range and Doppler extent of the wind turbine. The maximum down- 

 
 

(a) (b) 

 

 

(c) (d) 

Fig. 3.1 Skystream 3.7 wind turbine. (a) Measurement layout. (b) Wind turbine 
photo. (c) Collection setup including two dual-ridged broadband horn 
antennas, the Time Domain PulsON 410 radar unit, and a laptop computer. 
(d) Simulation model. 
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range extent is (3.7 m) ∗ sin 60°  = 3.2 m, and the maximum Doppler extent can be 

estimated from: 

 

 𝑓�,��S = 2 Q�������	
�

sin 𝜃 (3.1) 

 

where 𝑅����� is the radius of the rotor, Ω is the rotation rate, 𝜆 is the wavelength, and 𝜃 is 

the elevation angle from the radar perspective. The extra factor of two accounts for the 

both the positive and negative Doppler returns from the blades. Thus, 𝑓�,��S at 5.3 GHz 

is 237 Hz and our chosen 250 Hz sampling is sufficient to capture the phase variation 

from consecutive range profiles. 

3.2.2 Simulation 

A simplified computer-aided design (CAD) model of the wind turbine is created 

using the approximate dimensions. Only the blades and hub of the wind turbine are 

included, and the blades are flat with finite thickness. The thickness of each blade is 

tapered towards the tip. The blades and hub are assumed to be perfectly conducting. Fig. 

3.1(d) shows the CAD model used in the FEKO simulation. Note that each blade has a 

straight portion as well as a curved portion. 

The physical optics with full ray tracing (i.e. PO with shadowing) solver in FEKO 

is used in the simulation. Far-field conditions are assumed on both transmit and receive in 

the simulation. The frequency range is the same as the measurement, with 75 frequency 

points to provide a sufficient down-range window without aliasing. To simulate the 

rotating turbine blades, we rotate the blade geometry to form consecutive CAD files and 

carried out FEKO simulation for each file from the approximate incident angle in the 

measurement. The result of the simulation is the radar signature as a function of dwell 
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time. The required angular sampling between snapshots can be estimated as 

Δϕ = Ω/𝑓�,��S. Thus, to match the 250 Hz Doppler extent used in the measurement, the 

angular sampling should be spaced by 0.4° or less. While a full-wave solver could be 

used for a single rotation angle and frequency, it is not practical to solve for all the 

required rotation angles and frequencies due to the large amount of computation time. 

 

3.3 MEASUREMENT AND SIMULATION RESULTS 

The dynamic signatures from the measured and simulated backscattered data 

versus time (or blade rotation angle) are post-processed into sinograms, spectrograms, 

and ISAR images. Data for the vertical-vertical polarization on transmit-receive case are 

shown. The measured data are not calibrated in terms of absolute radar cross section 

(RCS) level but are instead normalized to the maximum value. Additionally, the 

measurement data have been motion filtered using a 4-tap finite impulse response filter 

during the data collection to remove stationary clutter. 

3.3.1 Sinogram 

The measured and simulated sinograms (i.e. range profiles versus time) are shown 

in Fig. 3.2. The range profile in the simulation is obtained by inverse Fourier 

transforming the frequency response after a Hamming window is applied. Reasonable 

agreement can be seen between the measurement and simulation results. There are six 

periodic “flashes” near zero down-range. These occur when the straight portion of the 

turbine blade becomes perpendicular to the radar line-of-sight (RLOS). There are two 

flashes per blade; one for the leading edge and one for the trailing edge a half-turn later. 

These flashes are focused in down-range with the leading edge flashes focused slightly 

below zero down-range and the trailing edge flashes focused slightly above zero down-
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range. Additionally, there are six faint tilted tracks that extend beyond the flash points. 

These correspond to a specular return from the blade edge as the specular point travels 

along the curved portion of the blade as the blade continues to rotate. Finally, there is a 

static return from the hub near zero down-range that is seen in simulation but has been 

largely motion filtered out in measurement. 

 

 

3.3.2 Spectrogram 

There has been extensive past work on wind turbine Doppler analysis [35-46]. 

Here, we extract the spectrogram based on the time-domain returns of the UWB radar. By 

Fourier transforming the measured range profiles from the P410 radar, we obtain the 

corresponding complex frequency response. The time-varying Doppler behavior of the 

target can then be examined at a single frequency. Using a STFT along the time axis, we 

obtain the Doppler frequency versus time plot (or the Doppler spectrogram) at 4.3 GHz. 

Fig. 3.3 shows the spectrograms obtained using the STFT with a 172 ms Hamming 

  

(a) (b) 

Fig. 3.2 Skystream sinogram. (a) Measurement. (b) Simulation. 
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window, which corresponds to a 20° angular swath. Each spectrogram shows three 

positive and negative Doppler tracks. The positive Doppler tracks correspond to the 

leading edge of the blade rotating towards the radar while the negative Doppler tracks 

correspond to the trailing edge of the blade rotating away from the radar. 

 

Each track has a straight portion and a curved portion due to the blade shape. The 

straight vertical portion of the Doppler track, or the Doppler flash, occurs when the 

straight portion of the blade becomes perpendicular to the RLOS. At this instance, each 

radial component on the straight portion of the blade lights up in its respective Doppler 

bin. This is illustrated in Figs. 3.4(a) and 3.4(b). As the blade continues to rotate, the 

dominant contribution moves to the curved portion of the blade and the return becomes 

specular (lengthwise). Since the specular point travels towards the tip of the blade as the 

turbine continues to rotate, it is expected that the Doppler extent would continue to 

increase—which is seen initially. However, as the turbine continues to rotate, the Doppler 

extent starts to decrease. This is illustrated in Fig. 3.4(c) where the dashed line represents 

the tangential motion of the blade and the solid line represents the component that is 

  

(a) (b) 

Fig. 3.3 Skystream spectrogram. (a) Measurement. (b) Simulation. 
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parallel to the RLOS. Finally, the static return from the hub of the turbine is seen in 

simulation but was motion filtered out in measurement. Overall, the qualitative 

agreement between the two is good, and the Doppler behaviors correspond closely to the 

scattering mechanisms described in Fig. 3.4. 

  
(a) (b) 

   
(c) (d) 

Fig. 3.4 (a) Positive Doppler blade flash. (b) Positive Doppler specular edge 
contribution. (c) Negative Doppler blade flash. (d) Negative Doppler 
specular edge contribution. 
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3.3.3 ISAR Image 

Although discussed in the previous chapter, we briefly revisit these expressions in 

the context of wind turbine imaging. By processing the frequency response versus time 

data using a 2-D inverse Fourier transform, we can generate a 2-D ISAR image of the 

wind turbine [5]. If we assume a known constant rotation rate, the ISAR image can be 

displayed as a down-range vs. cross-range plot. This is illustrated in the following 

formulation (these expressions were also given in Chapter 2): 

 

𝐼𝑚𝑎𝑔𝑒 𝑟, 𝑐𝑟 = 𝐸L 𝑓, ϕ 𝑒PRc�𝑒PRd;�𝑑𝑘S𝑑𝑘Z (3.2) 

  

where	
𝑘S =

4𝜋𝑓
𝑐 𝑐𝑜𝑠 ϕ	
	

𝑘Z =
4𝜋𝑓
𝑐 𝑠𝑖𝑛 ϕ

 (3.3) 

 

In the above expression, 𝑟 is the down-range (along the RLOS), 𝑐𝑟 is the cross-range 

(perpendicular to the RLOS), 𝑓 is the frequency, ϕ is the rotation angle of the turbine 

blades, 𝐸L is the backscattered field as a function of frequency and angle, and 𝑐 is the 

speed of light. For measurement, the angle is linearly proportional to the collection time 

through the angular rotation rate Ω. 

 We use an angular swath of 20° to generate ISAR snapshots of the wind turbine in 

both simulation and measurement. As we slide the 20° angular swath along the angular 

(or time) axis, the following sequence of events can be seen for each blade. First is the 

blade flash of the leading edge of the blade (Figs. 3.5(a) and 3.5(b)). This is followed by 

the specular point traveling along the curved portion of the blade towards the tip (Figs. 

3.5(c) and 3.5(d)). Next is the blade flash from the trailing edge of the blade a half turn 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

Fig. 3.5 Skystream ISAR snapshots. (a)(c)(e)(g) Measurement. (b)(d)(f)(h) 
Simulation. 
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later (Figs. 3.5(e) and 3.5(f)). This is followed by the specular point traveling along the 

curved portion of the blade (Figs. 3.5(g) and 3.5(h)). This sequence is easily seen in a 

movie made of many consecutive ISAR frames. The ISAR movies can be found online 

[65]. Here, we have shown several snapshots that highlight this sequence in Fig. 3.5. The 

measurement data are presented on the left and the simulated data on the right. There is a 

steady return near zero down-range and cross-range that is present in simulation but 

largely absent in the measurement. This corresponds to the static hub return that is 

motion filtered out in measurement. 

3.3.4 360° ISAR Image 

While the ISAR images already reveal the key target features, it is also possible to 

obtain a “complete image” of the wind turbine. This is done using the same formulation 

as Eq. (3.2) but the data from a full revolution is interpolated onto a uniform kx-ky grid 

using a bilinear interpolation scheme. A 2-D inverse fast Fourier transform is then 

applied over the entire k-space to generate the wide-angle, 360° ISAR image. 

Fig. 3.6(a) shows the resulting 360° ISAR image. A three-blade wind turbine is 

visible, but the leading edge and trailing edge of each blade have coalesced. This is clear 

when we compare Fig. 3.6(a) to the simulated results in Fig. 3.6(c), which shows distinct 

leading and trailing edge features on each blade. Motion compensation is applied to 

improve the quality of the final image. The necessary non-uniform rotation information 

in the measurement can be estimated from the sinogram and/or spectrogram. Based on 

the geometry of the turbine, it can be inferred that there are 120° of rotation between each 

leading edge flash and the same applies for the trailing edge flashes. This facilitates the 

modeling of the turbine rotation motion. It was found that a piecewise linear motion 

model was sufficient. Motion compensation is implemented by extracting the time bins of 
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the three leading edge blade flashes in the sinogram. These time bins are assigned to 0°, 

120°, and 240° respectively. The remaining time bins are then assumed to be equally 

spaced within the 120° interval. After applying motion compensation to the measured 

data, better agreement can be seen between the measured image (Fig. 3.6(b)) and the 

simulated image (Fig. 3.6(c)). In addition to distinctly capturing the outline of the turbine, 

both the leading and trailing edge of each turbine blade are now distinct. The hub cannot 

be seen clearly in the measurement image due to the motion filter. 

  
(a)  (b) 

 
(c) 

Fig. 3.6 Skystream 360° ISAR image. (a) Measurement without motion 
compensation. (b) Measurement with motion compensation. (c) Simulation. 
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3.3.5 Discussion 

Some of the intricacies in the image formation process are discussed. First, the 

far-field distance of the wind turbine using the standard 2𝐷Q/𝜆 formula gives a distance 

far greater than the distance in measurement. To assess near-field effects on the ISAR 

images, a point-scatterer study is carried out. Here, points on a single curve are used to 

model each turbine blade and simulated radar data are generated based on the point 

scatterer model. Using the same far-field ISAR imaging algorithm, we compare the 

images generated from simulated near-field data at a 27 m distance to those generated 

from simulated far-field data. Fig. 3.7(a) shows the former image, and Fig. 3.7(b) shows 

the latter image. The two images are not significantly different, with only a minor 

“splitting” effect towards the tips of the blades in the former image. Should near-field 

effects become prominent, a near-field to far-field correction may be required to maintain 

the correct geometrical shape in the ISAR image. This issue will be discussed later in 

Sec. 3.4.2.  

 

 

  

(a) (b) 

Fig. 3.7 Turbine point-scatterer simulation. (a) Near field. (b) Far field. 
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Second, there are some faint features seen in the measurement spectrogram and 

image, but not in simulation. In particular, there are three faint vertical lines in the 

positive Doppler portion of Fig. 3.3(a). Similarly, there are three corresponding faint lines 

in the Fig. 3.6(b). We postulate that these are due to multi-bounce effects between the 

turbine, nacelle, and tower. FEKO geometrical optics simulation (based on the shooting 

and bouncing ray technique [66]), using a maximum of three ray interactions, was carried 

out with the inclusion of the tower and nacelle. Fig. 3.8(a) shows the simulation model, 

and Fig. 3.8(b) shows the resulting image (a motion filter is applied to remove the strong 

static returns). Additional faint radial features, similar to those found in measurement, are 

observed. 

In summary, we have established the measurement and processing techniques 

necessary to obtain the ISAR image of a wind turbine in-situ. We have also shown that 

the resulting ISAR image provides detailed information about the scattering 

phenomenology of the turbine in relation to its geometrical shape. 

 

  

(a) (b) 

Fig. 3.8 FEKO geometrical optics simulation. (a) Model. (b) Resulting image. 
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3.4 SCALING TO LARGER TURBINES 

The same methodology can be applied to other wind turbines. However, as the 

turbine rotor diameter increases, both the maximum down-range extent and Doppler 

extent of the turbine increase. This poses a significant challenge for measurement since 

the range profile sampling rate of the P410 radar is limited by the number of range bins 

measured. It is observed that, for relatively straight-bladed turbines (such as those to be 

examined in this section), the dominant backscattering occurs during the blade flash and 

contributions outside the blade flash are almost negligible. The blade flash occurs when 

the blade is perpendicular to the RLOS and is typically focused in a few range bins near 

zero down-range. Therefore, only a limited number of range bins centered on the hub 

need to be captured to account for most of the turbine return in down-range. On the other 

hand, sufficient sampling in angle is still required in order to achieve unaliased cross-

range. This concept will be illustrated on a 5 m diameter windmill before it is applied to a 

utility-class wind turbine. For these larger wind turbines, motion compensation made 

negligible improvement to the quality of the final image. 

3.4.1 Windmill 

In-situ measurement is made at a windmill in Cedar Park, Texas [47]. The 

eighteen-blade windmill has a rotor diameter of approximately 5 m. Measurement is done 

at a 45° elevation angle from the radar perspective at a distance of 25 m to the hub. This 

reduces down-range extent to 3.53 m. The rotation rate is approximately 13 rpm during 

the collection. The maximum Doppler extent is 170 Hz at 5.3 GHz and is fully captured 

by the 200 Hz radar sampling rate. Fig. 3.9(a) shows the windmill from the radar 

perspective. Fig. 3.9(b) shows the simplified FEKO simulation model for the windmill. 

For this dataset, no motion compensation is found to be necessary. 
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The measured and simulated sinograms are shown in Fig. 3.10. There is 

reasonable agreement between measurement and simulation. The strong periodic return 

near zero down-range is the flash of a single blade as it becomes perpendicular to the 

RLOS. There are also 18 faint tracks that extend beyond the blade flash. Each track 

corresponds to the return from the outer tip of one of the 18 blades. It follows the 

expected sinusoidal trajectory through the first half of a rotation. Due to the pitch of the 

blade, the trajectory of the second half of the rotation is much weaker in strength and 

becomes difficult to see within the 40 dB dynamic range. There should also be faint 

tracks that correspond to returns from the inner blade tips. However, they are much 

weaker and are again difficult to see within a 40 dB dynamic range. 

Note that we were not able to fully capture the down-range extent of the windmill 

in measurement due to the need for a narrow range gate (set at 2.63 m) in order to 

achieve the 200 Hz range profile sampling rate. We have cropped the simulation plot in 

down-range for a one-to-one comparison with the measurement. It should also be noted 

 
 

(a) (b) 

Fig. 3.9 (a) Windmill photo. (b) Simplified simulation model. 
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that, within a 25 dB dynamic range, only the blade flashes (which occupy about 25 cm of 

down-range) are visible. 

 

 

 

Fig. 3.11 shows the spectrograms obtained using the STFT with a 260 ms 

Hamming window. Both spectrograms show a sequence of prominent negative Doppler 

flashes, which occur at time instances when the blades become perpendicular to the 

RLOS while receding away from the radar. By comparison, the positive Doppler returns 

are much weaker. This confirms the observation made based on the sinograms that each 

blade is only prominent for half a rotation due to the blade pitch angle. The slight 

fluctuation in the maximum Doppler extent as a function of time in the measurement is 

due to the windmill speed fluctuating slightly over the 4.5-second span. The estimated 

maximum Doppler extent at 4.3 GHz is 138 Hz based on Eq. (3.1) and matches well with 

the Doppler extent observed in the spectrogram—thus, it has been fully captured in 

Doppler.  

  

(a) (b) 

Fig. 3.10 Windmill sinogram. (a) Measurement. (b) Simulation. 
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We use an angular swath of 20° to generate ISAR snapshots of the windmill in 

both simulation and measurement. As we slide the 20° angular swath along the angular 

(or time) axis, we can see each blade ‘lights up’ as it becomes perpendicular to the RLOS 

near zero down-range. This is easily seen in a movie made of many consecutive ISAR 

frames. Here, we have shown several snapshots that highlight the sequence before, 

during, and after the blade flash in Fig. 3.12. The measurement data are presented on the 

left and the simulated data on the right. The snapshots going down each column are five 

equally spaced instances spanning 20° (4° spacing between each snapshot). The 

maximum blade flash occurs at the middle of the sequence, as shown by Figs. 3.12(c)(h). 

There are some minor differences between the measurement and simulation. They can be 

explained by the simplified geometry of the model and the physical optics simulation that 

ignores higher order interactions. 

Focusing on the blade flash in Figs. 3.12(c)(h), we observe two distinct features at 

zero down-range. Each is a blade flash, with the one on the left much stronger than the 

one on the right due to the pitch of the blades. At the same time, a faint outline of the 

outer and inner tips of the other blades can be clearly seen in the simulation. It is less 

  

(a) (b) 

Fig. 3.11 Windmill spectrogram. (a) Measurement. (b) Simulation. 
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(a) (f) 

  
(b) (g) 

  
(c) (h) 

  
(d) (i) 

  
(e) (j) 

Fig. 3.12 Windmill ISAR snapshots. (a)-(e)Measurement. (f)-(j) Simulation. 
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apparent in the measurement results. On the other hand, an outline of a middle ring can 

be noticed in the measurement data. This middle ring can be seen in the Fig. 3.9(a) photo, 

but was not included in the simulation model. Finally, due to the limited range gate, the 

entire turbine was not fully captured in measurement. As a result, the image intensity 

beyond the ±1.32 m down-range extent is zero. This truncation effect can be noticed in 

the measurement data. 

Fig. 3.13 shows the resulting 360° ISAR images. Fig. 3.13(a) shows the measured 

ISAR image generated using a limited range gate. Fig. 3.13(b) shows the simulated 360° 

ISAR image with sufficient sampling to fully capture the windmill in down-range. The 

windmill has been fully captured in both measurement and simulation and there is good 

agreement between them. Again, the minor differences between simulation and 

measurement can be attributed to the simplified geometry and the physical optics 

simulation that ignore higher-order interactions. Overall, it has been shown that a 

straight-bladed turbine can be fully imaged in measurement even with a limited range 

gate. 

 

  

(a) (b) 

Fig. 3.13 360° ISAR image of a windmill. (a) Measurement. (b) Simulation. 
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3.4.2 Utility-Class Wind Turbine 

Next, we apply this methodology to a utility-class wind turbine. In-situ 

measurement is carried out in West Texas. The wind turbine measured is a 1.7 MW 

General Electric turbine. Based on the manufacturer’s specs, the distance from the ground 

to the hub is 80 m. The turbine rotor diameter is 100 m and each blade is 49 m long. The 

rotation rate was roughly 9 rpm during data collection. There are two major challenges to 

overcome in this measurement. First is the large Doppler extent of the turbine. The 

maximum Doppler extent of the turbine rotating at 9 rpm is more than 3000 Hz at 5.3 

GHz at edge-on incidence (90° elevation angle). Second, due to a built-in software range 

limit on the P410 radar, the starting range gate must be less than 75 m. To partially 

alleviate the first issue, we switch to the previous generation Time Domain radar (P400), 

which supports an Ethernet connection that can sample up to 1500 Hz with range bins 

that span 1.76 m. To circumvent the second issue, a telescopic extension pole is used to 

elevate the radar by roughly 8 m. As a result, our setup involved mounting the radar and a 

single broadband horn on a telescopic extension pole. A single horn antenna is used for 

both transmit and receive through the use of a circulator (MCLI CS-16-50). Finally, the 

 

    
 (a) (b) (c) (d) 

Fig. 3.14 Utility-class wind turbine. (a) Measurement setup. (b) Measurement at base 
of wind turbine. (c) Wind turbine from radar perspective. (d) Simplified 
simulation model. 
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radar is connected to a laptop via a long Ethernet cable. Measurement data are collected 

from the base of the wind turbine. Fig. 3.14(a) shows the measurement setup on a sports 

utility vehicle. Fig. 3.14(b) shows the measurement at the base of the wind turbine with 

the vehicle highlighted. Fig. 3.14(c) shows the turbine from the radar perspective. Note 

that each blade has a straight leading edge and a kink in the trailing edge. 

At such a close distance from the radar to the turbine, near-field effects are 

significant and must be carefully addressed. We first note that due to the close-in setup, 

the tip of the blade is farther in range than its base. Therefore, using a 1.76 m range gate, 

only the inner portion of the blade is captured in the measurement. An interesting 

consequence of this effect is that the maximum Doppler rate of the collected data is 

reduced and falls within the 1500 Hz sampling rate of the P400 radar. Therefore, it 

becomes possible to collect range profiles at sufficient sampling to avoid any aliasing in 

the final ISAR image. Secondly, because the collected near-field data are mismatched to 

the ISAR imaging algorithm, which is based on the far-field assumption, the resulting 

ISAR image will be distorted. 

There are two ways to overcome this effect. One is to modify the imaging 

algorithm to account for the near-field distance. This can be accomplished through a 

matched filter/backprojection algorithm [67]. However, the image formation time is 

usually much longer since an FFT cannot be used. Another approach is to apply a near-

field to far-field transformation (NFFFT) to transform the collected near-field data to the 

far field [68, 69], after which the same far-field FFT-based imaging algorithm can be 

used. We adopt the latter approach here, where the Vaccaro-Mensa NFFFT [68] is 

applied. A point-scatterer simulation is used to illustrate the effectiveness of this 

approach. Near-field data are simulated at a distance of 80 m using a collection of point 

scatterers. Fig. 3.15(a) shows the resulting image generated from the FFT-based imaging 
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algorithm. It has been shown in [39] that near-field effects cause tilting in the blade flash 

in the spectrogram. This tilting can be observed in the resulting ISAR image and 

manifests itself by creating a cross-over between the leading edge and trailing edge of the 

turbine blade (this is a severe case of the splitting observed in Fig. 3.7). Fig. 3.15(b) 

shows the resulting image generated from far-field data where the leading and trailing 

edges of the turbine blade are appropriately aligned. 

  
(a) (b) 

 
(c) 

Fig. 3.15 Utility-class turbine point-scatterer simulation. (a) Near field. (b) Far field. 
(c) NFFFT applied to near field. 
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Next, we apply the NFFFT to the near-field data using the following formulas 

[68, 69] (the derivation of these formulas is discussed in the Appendix): 

 

𝐸L,ss(𝑓, ϕ) = 𝐸L,fs 𝑓, ϕ 𝑒OPrR� W[\
� X
Q Δϕ

X����

XiOX����

 (3.4) 

  

where	

ϕ���s = ϕ�S� + ϕ��f						
	

	Δϕ =
λ

4𝑟(2ϕ�S� + ϕ��f)

 (3.5) 

 

where r is the distance from the radar to the center of rotation, 𝑘 = 2𝜋𝑓/𝑐, ϕ��f =

3𝜆/𝑟, ϕ�S� = tanOj(𝑅�����/𝑟), and 𝑅����� is the turbine rotor radius. After an NFFFT 

is applied to the near-field data, the resulting image is shown in Fig. 3.15(c). It is nearly 

indistinguishable from Fig. 3.15(b), demonstrating the effectiveness of the NFFFT. 

 The NFFFT is applied to the measurement data from the utility-class turbine. Fig. 

3.16(a) shows the resulting sinogram over one revolution of the turbine. There are six 

vertical lines in the measured sinogram that correspond to the six blade flashes captured 

within the 1.76 m range gate. Fig. 3.17(a) shows the measured spectrogram at 4.3 GHz 

generated by using the STFT with a Hamming window of 175 ms (10° angular swath). 

The positive Doppler flash is relatively straight and corresponds to the blade flash 

observed from the straight leading edge of the blade. The negative Doppler flash is 

kinked and corresponds to the blade flash observed from the kinked trailing edge of the 

blade. The resulting 360° ISAR image is shown in Fig. 3.18(a). No motion compensation 

is found to be necessary. The final ISAR image clearly reveals the scattering contribution 

from the relatively straight leading edge as well as that from the kinked trailing edge of 

the turbine blade. Only the inner portion of the turbine blades (up to about 25 m) is 
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captured in the data due to the range gate used in the measurement. Consequently, there 

is no aliasing in the final image. 

 Simulation is carried out to corroborate the measurement results. Fig. 3.14(d) 

shows the simplified turbine model used in simulation. This model was obtained online 

(GrabCAD) and is only a generic utility-class wind turbine CAD model. In order to save 

  

(a) (b) 

Fig. 3.16 Utility-class turbine sinogram. (a) Measurement. (b) Simulation. 
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(a) (b) 

Fig. 3.17 Utility-class turbine spectrogram. (a) Measurement. (b) Simulation. 
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computation time, at the cost of some numerical accuracy, the FEKO large-element PO 

solver is used. To further increase simulation speed, only 500 MHz of bandwidth is used. 

While the range resolution is reduced as a result, the same phenomenology is captured. 

The following frequency and angular steps are used: Δ𝑓 = 5	MHz and	Δϕ = 0.02°. The 

same set of processing steps is applied to the near-field simulation data. First, the data are 

range-gated to the 3.20 m about the hub region. Next, the NFFFT is applied to transform 

the data to the far field. Figs. 3.16(b), 3.17(b), and 3.18(b) show respectively the 

sinogram, spectrogram, and 360° ISAR image based on simulated data. In Fig. 3.16(b), 

the same six blade flashes seen in Fig. 3.16(a) can also be seen. The differences in 

amplitude can be accounted for through differences between the CAD model and the 

physical turbine. Comparing Fig. 3.17(b) to Fig. 3.17(a), the amplitude differences are 

more evident. Measurement shows the negative Doppler more prominently than the 

positive Doppler whereas simulation has the opposite trend. This discrepancy is also 

reflected in the final ISAR images of Figs 3.18(a) and 3.18(b). The measurement shows 

the trailing edge more prominently whereas simulation shows the leading edge more 

  

(a) (b) 

Fig. 3.18 Utility-class turbine 360° ISAR image. (a) Measurement. (b) Simulation. 
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prominently. The geometry differences between the CAD model and the physical turbine 

are more evident here. In particular, the base of the turbine blade in the CAD model is 

much thicker. Nonetheless, the key scattering features between measurement and 

simulation are similar. 

3.4.3 Updated Measurement Setup 

In September, 2015, Time Domain Corporation released their next-generation 

radar, the PulsON 440 (P440). In comparison to the P410 radar, the P440 radar has the 

starting range gate limit extended to 120 m and the Ethernet port reinstated. 

Consequently, the measurement setup can be simply placed on the ground without the 

need for an extension pole. Fig. 3.19(a) shows the new measurement setup, and Fig. 

3.19(b) shows the resulting 360° ISAR image from measurement taken at the base of the 

wind turbine. The same scattering phenomenology can be seen in Fig. 3.19(b) and 

3.18(a). There are some small differences between the two figures. The most prominent is 

the different RCS levels along the leading edge and trailing edge of the turbine blades 

between the two images. While both measurements were done at the base of the wind 

  

(a) (b) 

Fig. 3.19 P440 measurement. (a) Measurement setup. (b) 360° ISAR image. 
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turbine, several factors may be slightly different between the two measurements. These 

include turbine yaw angle, turbine blade pitch, and measurement incident angle. Each of 

these factors could affect the RCS levels along the turbine blade. 

 

3.5 CONCLUSION 

In this chapter, we have developed the measurement and processing 

methodologies to capture the in-situ ISAR image of an operating wind turbine. The 

methodologies were first tested and validated on a small wind turbine using an ultra-

wideband radar. Motion compensation and image formation algorithms were 

implemented to generate a well-focused ISAR image. Results were compared to those 

generated using the physical-optics simulation, and good agreement between 

measurement and simulation was observed. It was shown that the resulting ISAR images 

provided revealing geometrical insight on the blade scattering phenomenology that is not 

as apparent in either the range profile or Doppler spectrogram alone. The same 

methodologies were then applied to a larger 18-blade windmill and a 1.7 MW utility-

class wind turbine. In the latter case, additional near-field effects due to the maximum 

range limit of the radar were encountered. They were corrected using a near-field to far-

field transform, and the inner portion of the turbine blades was successfully imaged. 

Potential applications for this work include clutter mitigation, radar signature reduction, 

and structural health monitoring of wind turbines. First, matched filters may be 

constructed based on measured data for filtering out turbine clutter. Second, ISAR images 

can reveal spatial information on portions of the blade that give rise to the strongest 

scattering, which could be useful in the design of stealthy turbine blades [70, 71]. Finally, 
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radar imaging may potentially be used for monitoring motion anomalies and/or lightning 

damage of turbine blades for structural health monitoring. 
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Chapter 4: ISAR Imaging of a Vertical-Axis Wind Turbine4 

4.1 INTRODUCTION 

In the previous chapter, the radar signatures of horizontal-axis wind turbines 

(HAWT) were examined in detail. Recently, the US Department of Energy is considering 

vertical-axis wind turbines (VAWT) as a potential candidate for off-shore wind power 

generation [48]. Some of the potential advantages of a VAWT over its HAWT 

counterpart include better scalability to large sizes and mechanical simplicity for service 

and maintenance. From the radar perspective, it becomes important to evaluate how the 

radar signatures of a VAWT differ from those of the more commonly seen three-blade 

HAWT. Figs. 4.1(a) and 4.1(b) show a HAWT and VAWT, respectively. 

 

 

In this chapter, we investigate the dynamic radar signatures of a Darrieus-type 

VAWT. The radar cross section (RCS) of a small helical VAWT was briefly discussed in 

                                                
4 C. J. Li, R. Bhalla, and H. Ling, “Investigation of the dynamic radar signatures of a vertical-axis wind 

turbine,” IEEE Antennas Wireless Propag. Lett., vol. 14, pp. 763-766, 2014. 
Chenchen Jimmy Li was the primary author for all content in the above publication. 

  

(a) (b) 

Fig. 4.1 Two types of wind turbines. (a) Horizontal-axis wind turbine. (b) Vertical-
axis wind turbine. 
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[43]. Our focus here is to examine the time-varying radar features and analyze their 

associated phenomenology. This information can facilitate the development of clutter 

filtering algorithms, as in the case of the HAWT [34]. This chapter is organized as 

follows. As with the HAWT, we start with by validating measurement with PO 

simulation on a small turbine. A 1.5 m model of a Darrieus-type turbine is constructed 

and investigated. The scattering physics behind the observed features from the blade, 

strut, and tower structures is discussed. After validating PO simulation with measurement 

for the small model, PO simulation of a 112 m tall Darrieus wind turbine is carried out at 

1.5 and 3 GHz to predict the resulting signatures. The results are compared with those of 

a three-blade HAWT. Lastly, effects from a conducting ground plane are examined in 

connection with the operation of these turbines over water.  

 

4.2 MEASUREMENT AND SIMULATION SETUP 

Measurement backscattered data are collected using S11 measurement from a 

vector network analyzer and a Ku-band standard gain horn (Narda 4609, 12-18 GHz) 

from 12-15 GHz. A simplified model of a Darrieus-type wind turbine, seen in Fig. 4.2(a), 

is constructed and measured. The model is 1.5 m tall (an electrical size of ~75 λ at 15 

GHz) and 0.9 m in diameter. The blades and strut are constructed using foam and covered 

in aluminum tape, and a wooden rod is used as the tower. The model is placed on a turn-

table to rotate for a complete revolution. The measurement is done at near-zero elevation 

angle. 

Simulated backscattered data are generated using the PO with shadowing solver 

in FEKO. An approximate model created in FEKO with PEC, seen in Fig. 4.2(b), is used. 

Edge diffraction and material effects are not included in the simulation. These effects are 
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expected to change only the strength but not the behavior of the predicted features. A 

plane wave source from 12-15 GHz is assumed for the excitation. To provide a sufficient 

down-range window without aliasing, 41 frequency points are computed. To simulate the 

rotating turbine, the incident azimuth angle is varied from 0° to 360°. The result is the 

radar signature as a function of angle (or time). The angular sampling is chosen to be 0.3° 

to provide a sufficient cross-range (or Doppler) window without aliasing. 

 

 

4.3 MEASUREMENT AND SIMULATION RESULTS 

The dynamic signatures from the measured and simulated backscattered data 

versus time (or turbine rotation angle) are post-processed into sinograms, spectrograms, 

and ISAR images. The turn-table rotation rate is 830 seconds per revolution. Vertical 

polarization is used for both transmit and receive. The measured data are not calibrated in 

terms of absolute RCS level, but the same dynamic range is kept for simulation and 

measurement. 

  

(a) (b) 

Fig. 4.2 Simplified Darrieus-type turbine model. (a) Measurement. (b) FEKO. 
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The measured and simulated sinograms are shown in Fig. 4.3. The range profile is 

obtained through the inverse Fourier transform of the frequency response with a 

Hamming window. Four key features are observed in the sinograms. The first two are the 

sinusoidal trajectories labeled as (i) and (ii) in Fig. 4.3(a). The associated mechanisms are 

the returns from the rotating blades that are shown in Fig. 4.4(a). Due to the curvature of 

the blades in elevation, the scattering from each blade is specular in elevation and only 

the region denoted by the dashed red circle contributes to each feature. As the blades 

rotate, they form two sinusoidal tracks in the sinogram. Along each track, a strong return 

occurs at the range of -0.5 m. This flash occurs when the front face of the blade is 

perpendicular to the RLOS. The next feature is the horizontal line at zero down-range and 

labeled as (iii) in Fig. 4.3(a). The associated mechanism is the return from the tower 

(shown in Fig. 4.4(b)). Mounting and physical imperfections of the wooden tower caused 

minor fluctuations in the static tower return. The final feature is due to the return from the 

strut. However, this feature overlaps with the blade returns in the sinogram. It is most 

prominent when the strut is perpendicular to the RLOS, as labeled by (iv) in Fig. 4.3(a). 

  

(a) (b) 

Fig. 4.3 Sinogram of simplified turbine model. (a) Measurement. (b) Simulation. 
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In addition to these four noted features, when one of the blades rotates to the front (most 

negative in down-range), shadowing of the tower and rear blade occurs. This can be 

clearly seen in both measurement and simulation. Overall, PO simulation is able to 

capture the dominant target features in the measurement. The only noticeable difference 

is the weak, range-delayed (beyond 0.5 m) multiple scattering returns seen in the 

measurement but not in the PO simulation. It is localized in angle only around where the 

tower and rear blade are shadowed. 

 

 

The time-dependent Doppler behavior of the target is also examined in the form 

of a spectrogram. Using the STFT with a 29 s (equivalently 13°) Hamming window in 

time at a fixed frequency, the spectrogram is obtained. Fig. 4.5(a) shows the spectrogram 

at 13.5 GHz from measured data. The rotation rate of the turn-table is 0.0076 radians per 

second. As a result, the maximum Doppler extent is ±0.31 Hz (based on 𝑓� = 2𝑅𝛺/𝜆	 

where R is the radius of the turbine blade, Ω is the rotation rate, and λ is the wavelength 

at 13.5 GHz). Four key features are noted. The first two are the sinusoidal trajectories 

  

(a) (b) 

Fig. 4.4 Scattering mechanisms. (a) Blade returns. (b) Tower and strut returns. 
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labeled as (i), (ii). The associated mechanisms are the returns from the highlighted areas 

on the rotating blades shown in Fig. 4.5(a). When one of the blades rotates to the front, a 

strong blade flash is observed. At this angle, the blade motion is perpendicular to the 

RLOS and the flash appears in the zero Doppler bin. Next is the horizontal line at zero 

Doppler and labeled as (iii). The associated mechanism is the static return from the tower. 

The final feature is the region labeled as (iv) due to the strut. The strut return is only 

prominent when the strut is perpendicular to the RLOS. At this angle, all the radial 

components light up in their respective Doppler bins. Comparing the measurement in Fig. 

  

(a) (b) 

Fig. 4.5 Spectrogram of the simplified 
turbine model. (a) 
Measurement. (b) Far-field 
simulation. (c) Near-field 
simulation. 

 
 

(c) 
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4.5(a) to the simulation in Fig. 4.5(b), we see that the strut features in the two 

spectrograms do not agree that well. This is due to the near-field effect in the 

measurement where the radial components of the strut are not perpendicular to the RLOS 

simultaneously but exhibit different temporal delay. This results in the flash being tilted 

[39]. To confirm this, a near-field simulation is shown in Fig. 4.5(c). It shows the same 

tilting in the strut flash as measurement. Additionally, simulation is carried out for the 

horizontal polarization case and the signatures are found to be the same as the vertical 

polarization results. 

Finally, ISAR images are generated using the k-space formulation. Each ISAR 

snapshot is generated using a 12.7° angular swath. This angular window is chosen based 

on the narrow-band, small-angle approximation shown in the second part of Eq. (2.8) to 

achieve an equal down-range and cross-range resolution of 5 cm (without windowing). A 

sequence of ISAR snapshots are shown in Fig. 4.6. Good agreement can be seen between 

measurement and simulation. Again, we identify the four key scattering features in these 

images. In Figs. 4.6(a) and 4.6(c), the spot in the center of the image is the static tower 

return and is labeled (iii). The two spots to the side of the tower return are the two blade 

returns and are labeled (i) and (ii). The blade returns rotate around the tower return as the 

wind turbine rotates. In Fig. 4.6(d), the prominent feature is the strut return that occurs 

when the strut is perpedicular to the RLOS and is labeled (iv). In Fig. 4.6(b), one of the 

turbine blades is in front of the rest of the turbine. As mentioned previously, a 

particularly strong blade return is observed due to the blade flash at this angle. Due to 

shadowing, the scattering features in the rear are weakened. Finally, the faint features that 

are observed further in down-range (beyond 0.5 m) are due to multiple scattering.  They 

are absent in the PO simulation result of Fig. 4.6(f), as expected. 
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(a) (e) 

  
(b) (f) 

  
(c) (g) 

  
(d) (h) 

Fig. 4.6 ISAR snapshots of the simplified turbine model. (a)-(d) Measurement. (e)-
(h) Simulation. 

(i)

(ii)(iii)

(ii)

(i)(iii)

(i)

(ii) (iii)

(iv)
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4.4 FULL-SIZE TURBINE SIMULATION 

The previous results have shown that PO with shadowing is sufficient to capture 

most of the key dynamic radar signatures of a VAWT. Next, the full-size turbine is 

investigated using FEKO simulation. The complete structure is 112 m tall and 60 m in 

diameter and was previously shown in Fig. 4.1(b). To emphasize the dynamic signatures, 

the static portions of the structure are removed for the simulation. The blades are 100 m 

in height (an electrical size of ~1000 λ at 3 GHz). With simulation validated against 

measurement for a 75 λ model, we expect the high-frequency prediction method (PO) to 

be even more accurate for the larger, 1000 λ model (equivalently higher frequency). To 

save computation time, at the cost of some numerical accuracy, the large-element PO 

method in FEKO is used. Horizontal polarization is used for transmit and receive at 0° 

elevation. We examine the spectrogram at two key frequencies of interest: 1.5 GHz (long 

range surveillance) and 3 GHz (weather, air-traffic control, marine navigation). For 

comparison, we also simulate a 112 m tall HAWT turbine shown in Fig. 4.1(a). The 

blades are 38 m long. Again, the static portions are removed from the model. The rotation 

rate is set to 10 rpm for both turbines. The results are shown in dBsm. 

The simulated spectrograms for the VAWT at 1.5 GHz and 3 GHz, obtained using 

a 0.22 s (equivalently 13°) time window, are shown in Figs. 4.7(a) and 4.7(b), 

respectively. The results at 1.5 and 3 GHz show a similar set of features with a factor-of-

two difference in Doppler extent. With the tower removed, there are only three scattering 

mechanisms. The sinusoidal trajectories labeled as (i) and (ii) correspond to the blade 

returns. When a blade rotates in front, the face of the blade becomes perpendicular to the 

RLOS and a blade flash is observed (the strong region around zero Doppler). The 

negative Doppler trajectories are weaker due to the blade shape and pitch (different from 

the 75 λ model blades that were front-back symmetric). Lastly, the vertical line labeled as 
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(iii) corresponds to the strut flash when the strut becomes perpendicular to the RLOS. 

Due to the tapering in the strut, the positive and negative Doppler flashes are not 

concurrent. 

Figs. 4.7(c) and 4.7(d) show the spectrograms for the HAWT under edge-on 

incidence at 1.5 GHz and 3 GHz respectively. The key scattering features of a HAWT 

comprise of strong blade flashes and weak tip ‘halos.’ These features have been 

examined closely in the previous chapter and will not be elaborated here. Instead, we 

  

(a) (b) 

  

(c) (d) 

Fig. 4.7 Full-size turbine spectrogram. (a) VAWT 1.5 GHz. (b) VAWT 3 GHz. (c) 
HAWT 1.5 GHz. (d) HAWT 3 GHz. 
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compare the differences between the dynamic features of the VAWT and those of the 

HAWT. First, the three positive and three negative blade flashes in the HAWT are 

replaced by one two-sided strut flash in the VAWT. Second, the weak sinusoidal tip halos 

of the blades in the HAWT are replaced by the stronger blade specular return in the 

VAWT. Finally, the maximum Doppler extent of the HAWT is dependent on the yaw 

angle of the turbine (which is dictated by the wind direction) with respect to the radar. 

The turbine gives rise to a maximum Doppler spread from an edge-on view but near-zero 

Doppler at a frontal view. On the other hand, the Doppler extent of the VAWT is 

independent of the wind direction since it rotates about a vertical axis. Note that the 

Doppler extents of both types of turbines are elevation angle dependent. 

 

4.5 GROUND-BOUNCE EFFECTS 

Simulation with the inclusion of an infinite PEC ground plane is performed to 

investigate the time-varying features that arise from turbine-ground interactions. This 

could be an important effect for close off-shore wind turbines, where the ground bounce 

returns from a calm sea surface are expected to be strong, or for an airborne radar. The 

radar signatures of a HAWT in the presence of a PEC ground have already been 

investigated in [72]. It was shown that the ground bounce contributions are delayed in 

dwell time relative to the direct path. Using image theory, we simulate the four separate 

scattering components for a VAWT at a 20° elevation using horizontal polarization at 1.5 

GHz. Fig. 4.8 shows the four components: the direct path, two single-bounce paths, and 

the double-bounce path. Higher order interactions are ignored in this construct. 
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Due to the symmetry of the structure, the direct path and double-bounce path 

spectrograms are identical and the sum is shown in Fig. 4.9(a). There are some notable 

differences from the 0° elevation case. The Doppler extent of each feature has been 

reduced by cos 20°  and the Doppler extent of the blade returns have been further 

reduced due to a shift in the specular region. The strut flash (iii) is also weaker. 

Additional features, labeled as (iv), are observed due to the visibility of the four strut 

holes. Each of the four holes exhibits a flash when perpendicular to the RLOS and a faint 

sinusoidal specular trajectory as the strut rotates. Next, the two single-bounce 

spectrograms are identical and the sum is shown in Fig. 4.9(b). The single-bounce path 

exhibits a corner reflector effect and the returns are similar to the 0° elevation angle case 

with additional features from the strut holes. Fig. 4.9(c) shows the sum of all four 

components. It is interesting to note that the total return at non-zero elevation in the 

presence of ground is as strong as the direct return at zero elevation. In contrast to the 

HAWT case, the blade and strut flashes of all four components occur at the same instance 

in dwell time. 

   

(a) (b) (c) 

Fig. 4.8 Vertical-axis wind turbine with ground bounce. (a) Direct path. (b) Two 
single-bounce paths. (c) Double-bounce path. 



 60 

4.6 360° ISAR IMAGE 

For the sake of completeness, we also present the simulated 360° ISAR image of 

a full-size vertical-axis wind turbine. Fig. 4.10(a) shows the resulting ISAR image, 

generated by large-element PO simulation, using the same frequency band as the Time 

Domain UWB radar. Again, the four key scattering features can be identified in the ISAR 

image. Fig. 4.10(b) highlights the portions of the wind turbine that give rise to the 

associated scattering features. 

 

  

(a) (b) 

Fig. 4.9 Spectrogram of the full-size 
turbine with ground at 1.5 
GHz. (a) Direct path and 
double-bounce contributions. 
(b) Two single-bounce 
contributions. (c) Sum of all 
four contributions. 
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4.7 CONCLUSION 

In this chapter, the dynamic radar signatures of a VAWT have been investigated. 

First, measurement and PO simulation were carried out for a 1.5 m model to validate the 

PO prediction. The backscattered data in frequency and angle were post-processed to 

form the sinogram, spectrogram, and ISAR imagery. The scattering physics behind the 

observed features from the blade, strut, and tower structures was discussed. It was shown 

that PO was sufficient to capture the key scattering features of a VAWT. Subsequently, 

simulation of a 112 m tall Darrieus-type wind turbine was carried out at 1.5 GHz and 3 

GHz and the resulting signatures are compared with those of a three-blade HAWT. 

Lastly, ground effects from a conducting ground plane were examined.  
  

  

(a) (b) 

Fig. 4.10 (a) Full-size VAWT 360° ISAR image. (b) Associated regions. 
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Chapter 5: Wide-Angle ISAR Imaging of Vehicles5 

5.1 INTRODUCTION 

Due to its all-weather, 24/7 capability, radar is a possible alternative to optical 

cameras for vehicle sensing in traffic monitoring and perimeter security applications. In 

addition to range and Doppler information, it is possible to generate a two-dimensional 

radar image of a vehicle using the synthetic aperture formed by the relative motion 

between the vehicle and radar. SAR imaging of stationary ground vehicles from airborne 

sensors has already been a subject of extensive investigations in the past [49-52]. Using 

SAR data, it has been shown that automated classification of ground vehicles is feasible. 

ISAR imaging of moving vehicles from a stationary ground sensor may also be realized 

under the proper conditions. Potential applications include vehicle classification for 

perimeter security and traffic monitoring for intelligent transportation systems [53]. Since 

the vehicle motion is unknown, blind motion compensation is needed to generate a well-

focused image [54, 55]. To simplify the process, a small angular swath is usually used to 

form each image, even though wide-angle imaging may offer better resolution and richer 

geometrical features. In [56], 360° ISAR imaging was carried out to obtain a high-

resolution image. However, the measurement was done on a turntable. In this chapter, we 

carry out in-situ, high-resolution ISAR imaging of moving vehicles from a stationary 

ground radar, with the aim of addressing two questions: (1) How well can motion 

compensation achieve a focused ISAR image under the wide-angle scenario, and (2) how 

well can wide-angle ISAR images reveal vehicle features. 

To address these questions, we start by examining the “best-case” scenario where 

the vehicle position is known (also called cooperative imaging). This is done through the 
                                                
5 C. J. Li and H. Ling, “Wide-angle ISAR imaging of vehicles,” in Proc. European Conference on 

Antennas and Propagation, Lisbon, Portugal, pp. 1-2, Apr. 2015. 
Chenchen Jimmy Li was the primary author for all content in the above publication. 
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use of two additional Time Domain UWB transceivers, which can also be used as ranging 

radios. Thus, we bypass the challenging blind wide-angle motion compensation and first 

establish the imaging principles. To establish viability for vehicle classification, several 

different classes of vehicles are examined. The ranging radio data are used to carry out 

coarse motion compensation in order to establish a baseline wide-angle ISAR image. 

Next, fine motion compensation is applied using a local minimization of the image p-

norm to generate more focused images. In this way, we are able to address our two 

objectives under the best-case scenario. Subsequently, we proceed to the realistic 

scenario and apply a blind motion compensation scheme based on the collected radar data 

only. 

 

5.2 COOPERATIVE IMAGING 

In-situ measurement is carried out using a P410 radar placed approximately 20 m 

from the side of a road. A single broadband horn is used for the radar for both transmit 

and receive through the use of a circulator. Vertical polarization is used on transmit and 

receive. The range profile vs. dwell time data are collected as each test vehicle drives by 

at low speed. The sampling rate for consecutive range profiles is set to 25 Hz. To gather 

ground truth position data, two additional P410 transceivers with omni-directional 

antennas (Time Domain’s Broadspec UWB Antenna) are used as ranging radios. One is 

mounted on top of the vehicle (at approximately the geometrical center), and the other is 

placed next to the measurement radar. Fig. 5.1(a) illustrates the measurement scenario, 

and the inset figure shows the measurement collection setup that includes the horn, one of 

the ranging radios, and the P410 radar connected to a laptop via USB. Four test vehicles 

are shown in Fig. 5.1(b). The upper-left is a mid-size sports utility vehicle (SUV), the 
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upper-right is a mid-size sedan, the lower-left is a full-size truck, and the lower-right is a 

subcompact car. 

 

One set of the collected range profiles vs. time is shown in Fig. 5.2(a). Significant 

range migration is observed due to the translational motion of the vehicle. Thus, to apply 

the same imaging formulation from previous chapters, we must remove the translational 

motion to retain only the rotational motion. By using the data collected from the ranging 

radios, coarse range alignment is implemented. Now, the location of the ranging radio 

(that was placed on the geometrical center of the vehicle) is in the same range bin for 

each range profile and is effectively the center of rotation for the target. Next, a wide-

angle ISAR image is generated using the same procedure used for 360° ISAR imaging of 

wind turbines, except not all 360° are filled. The measurement angle is found from 𝑟 and 

𝑟��f as ϕ = cosOj 𝑟/𝑟��f	 through the geometry in Fig. 5.1(a), where	𝑟 is the range 

between the ranging radios. The k-space is only partially filled due to the limited 

bandwidth and measured angles. By assuming vehicle symmetry, the right half of the k-

space can be mirrored to the left half. The resulting k-space data are shown in Fig. 5.2(b). 

  

(a) (b) 

Fig. 5.1 Vehicle cooperative measurement synopsis. (a) Measurement scenario and 
collection setup. (b) Test vehicles. 
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 The resulting baseline ISAR images are shown in Fig. 5.3. In addition, a white 

outline of the top-view of each vehicle is provided below the image for reference. An 

outline of each vehicle can be discerned in the ISAR images, and a clear distinction can 

  

(a) (b) 

Fig. 5.2 Vehicle cooperative measurement. (a) Measured range profiles. (b) k-space 
data. 
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(c) (d) 

Fig. 5.3 Baseline images. (a) SUV. (b) Sedan. (c) Truck. (d) Subcompact. 
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be made between the mid-size, full-size, and subcompact vehicles. However, the images 

are not well focused. Significant smearing of features can be observed in the cross-range 

(or X) dimension, and considerable image intensity lies outside the vehicle footprint. This 

is believed to be due to the limited accuracy and low refresh rate of the ranging radio. 

Note, we have switched the convention from previous chapters such that X is now the 

cross-range dimension and Y is now the range dimension. 

To correct for the phase errors still present in the coarse range-aligned data, we 

apply fine motion compensation to the ISAR images through a p-norm minimization. We 

model the vehicle range as a polynomial and apply a local optimizer to search for the 

motion parameters that minimize the p-norm of the image intensity. The p-norm of a 

matrix A is defined as: 

 

𝐴 ¤ = 𝐴f,�
¤

¥

�ij

h

fij

j/¤

 (5.1) 

 

Typically, 0 ≤ 𝑝 < 1 is used to measure image sparsity [73]. Fig. 5.4 shows the 

focused images after the local search and motion compensation. Here, p = 0.8 and a 12th 

order polynomial is used to model the vehicle range. The resulting images are 

significantly more focused than those in Fig. 5.3. Of note, the vehicle shapes are slightly 

curved lengthwise that differs from its actual geometrical shape. This feature is 

particularly pronounced in the long truck shown in Fig. 5.4(c). It is likely the result of 

near-field effects, which become more prominent for a larger vehicle. A NFFFT [68] may 

be applied, similar to what was done in Chapter 3, to correct this effect. Overall, the 

results show that the final images are well focused and correspond closely to the physical 

dimensions of the vehicles. 
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5.3 NON-COOPERATIVE IMAGING 

Next, we investigate the realistic imaging scenario where the ranging radio data 

are not available and the vehicle range will need to be estimated from the measured range 

profile data. Due to the lack of persistent scatterers over the wide angular aperture, 

conventional narrow-angle ISAR focusing techniques are not applicable, since they 

usually assume the availability of such scatterers. However, it may be possible to 

estimate the vehicle geometrical center based on the measured range extent of the 

vehicle. Our proposed method is to align the RCS centroid of the range profiles. This 

estimate will replace the ranging radio data during coarse motion compensation. We test 

  
(a) (b) 

  
(c) (d) 

Fig. 5.4 Focused images. (a) SUV. (b) Sedan. (c) Truck. (d) Subcompact. 
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this method on a mid-size sedan. Fig. 5.5(a) shows the measurement setup, now without 

the ranging radio. Fig. 5.5(b) shows the measurement vehicle. 

Fig. 5.6(a) shows the collected raw range profiles, and Fig. 5.6(b) shows the range 

profiles after alignment to the RCS centroid. The measurement angle is estimated using 

 
 

(a) (b) 

Fig. 5.5 Vehicle non-cooperative measurement synopsis. (a) Measurement collection 
setup. (b) Test vehicle. 

  

(a) (b) 

Fig. 5.6 Vehicle non-cooperative range alignment. (a) Raw range profile. (b) 
Aligned range profile. 
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the same inverse cosine relation, but 𝑟 is now the range to the RCS centroid.  

The resulting image, after coarse motion compensation, is shown in Fig. 5.7(a). 

An outline of the vehicle can be discerned in the ISAR image. However, better focusing 

is desirable. Again, we perform fine motion compensation using p-norm minimization. 

Here, a 3rd-order motion model is used:  

 

𝑟(𝑡) = 𝑟©[\Q + 𝑎j𝑡 + 𝑎Q𝑡Q + 𝑎ª𝑡ª Q (5.2) 

 

We search for the optimal 𝑎j, 𝑎Q, and 𝑎ª that minimize the p-norm, where p = 0.8. It was 

found that by driving the vehicle at a higher speed (approximately 20 mph), both the 

coarse and fine motion compensation performed better. The vehicles were previously 

driven slowly to accommodate for the ranging radio sampling rate. At higher speeds, a 

3rd-order motion model was found to be sufficient. The resulting image, after fine motion 

compensation, is shown in Fig. 5.7(b). The image is now well focused. Note the red spot 

  

(a) (b) 

Fig. 5.7 Vehicle non-cooperative final images. (a) After coarse motion 
compensation. (b) After fine motion compensation. 
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on the roof of the vehicle slightly below Y = 0 in Fig. 5.7(b). This is due to two side-by-

side (for increased angular coverage) corner reflectors that were placed on the roof of the 

vehicle. The focusing of this target in the final image further validates the result. Since 

we have mirrored the data in k-space, the spot also appears on the other side of the 

vehicle. 

Finally, we examine vehicles in a real-world scenario. We place the measurement 

setup on the side of the road inside J. J. Pickle Research Campus and observed vehicles 

as they drove by. We present the resulting of images of three different classes of vehicles: 

a subcompact, mid-size sedan, and large truck. Fig. 5.8 shows a photo of each vehicle and 

their resulting ISAR image. The images are well focused and reveal a clear distinction 

between the different-sized vehicles. It is noted that target features in the front and rear of 

the vehicles are lacking. Observing the vehicles over a wider angular swath could reveal 

more of these features. In the current data set, we were able to collect up to a 70° angular 

swath. Another topic is image focusing of very large vehicles, such as buses or eighteen-

wheelers. Distortion to the geometrical shape of these large vehicles was noticed in 

reconstructed images.  This may be resolved using a near-field to far-field transform or a 

near-field backprojection algorithm. Finally, in practice, there are additional 

considerations that need to be taken into account. One is when multiple nearby vehicles 

are in the scene. In this case, separation of these vehicles into separate targets and the 

effects of multiple scattering between these vehicles on the resulting image require 

further investigation. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 5.8 Wide-angle ISAR imaging of different vehicles. (a) Subcompact photo. (b) 
Subcompact ISAR image. (c) Mid-size sedan photo. (d) Mid-size sedan 
ISAR image. (e) Large truck photo. (f) Large truck ISAR image. 
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5.4 CONCLUSION 

In this chapter, wide-angle ISAR imaging of vehicles was investigated for 

potential applications in vehicle classification. First, baseline ISAR images were obtained 

in the cooperative measurement scenario with a ranging radio. The images showed a clear 

distinction between different-sized vehicles. The images were then further focused 

through motion compensation using a p-norm minimization. The resulting images were 

well focused and corresponded closely to the physical dimensions of the vehicles. 

Subsequently, we investigated the non-cooperative imaging scenario. In this case, the 

vehicle range was estimated based on range profile centroid. Again, p-norm minimization 

was then applied to further focus the images. The resulting images, in the non-

cooperative scenario, were also well focused and corresponded closely to the physical 

dimensions of the vehicles. Thus, we have shown that motion compensation can achieve 

well-focused ISAR images under the in-situ, wide-angle scenario and that the resulting 

images are able to reveal the outline of the vehicle. 
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Chapter 6: Wide-Angle ISAR Imaging of Small Consumer Drones6 

6.1 INTRODUCTION 

There has been much recent interest in the use of small drones for aerial 

photography, surveying, mapping, and package delivery. The proliferation of these small 

drones has raised much recent interest in their regulation and monitoring [57-60, 74-77]. 

A potential way to detect and identify drones is to use ground-based radar. Analogous to 

the previous chapter, an ISAR image of a small drone can be generated by observing the 

drone as it flies across the measurement scene. However, there are several additional 

challenges that need to be overcome in order to obtain a wide-angle ISAR image of a 

small consumer drone: (i) the small size and low reflectivity of the plastic body may 

result in a very low radar cross section, (ii) the spinning blades of the drone may result in 

significant dynamic signature features similar to other rotorcraft [77, 82, 83], and (iii) the 

potentially unsteady flight of a typical drone may complicate motion compensation, 

making image formation more challenging. 

To address the first two challenges (and decouple them from the third challenge), 

we conduct laboratory measurements of several small consumer drones and examine their 

radar signatures versus frequency, aspect, polarization, etc. The radar signatures are 

presented in the form of ISAR images, as they provide not only information about the 

strength of the radar cross section of a target, but also the spatial locations of the 

dominant scattering on the drone. While ISAR imaging is a standard technique for radar 

diagnostics and larger military drones have been extensively studied [78-81], we believe 

this is the first ISAR measurement study for these consumer-type drones. To address the 

third challenge, we leverage our understanding of turbine and vehicle ISAR imaging 
                                                
6 C. J. Li and H. Ling, “An investigation on the radar signatures of small drones,” accepted for publication 

in IEEE Antennas Wireless Propag. Lett., 2016. 
Chenchen Jimmy Li was the primary author for all content in the above publication. 
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from previous chapters in order to carry out in-situ, high-resolution ISAR imaging of 

small drones from a stationary ground radar. 

This chapter is organized as follows. First, we examine the drones in a controlled, 

laboratory setting. The measurement setup is first described before the resulting ISAR 

images are presented and the scattering features are discussed. We begin with a baseline 

scenario before deviating from this scenario to illustrate the effects of frequency, aspect, 

polarization, dynamic blade rotation, camera mount, and drone types. Afterwards, we 

proceed to the in-situ measurement. The measurement setup and motion compensation 

algorithm are first described before the resulting ISAR images are presented. 

 

6.2 LABORATORY MEASUREMENT SETUP AND POST-PROCESSING 

Multi-frequency, multi-aspect, monostatic backscattered data are measured from a 

drone mounted on a turntable in the laboratory. Fig. 6.1(a) shows the measurement setup. 

A vector network analyzer (Agilent N5230A) is used to collect S11 data. Depending on 

the frequency range, either a Ku-band standard gain horn (Narda 4609, 12-18 GHz) or a 

dual-ridged horn (TDK HORN-0118, 1-18 GHz) is used. Background subtraction is used 

to reduce the horn input mismatch and background clutter. Fig. 6.1(b) shows one of the 

target drones, the DJI Phantom 2 [84], with zero azimuth angle (AZ) and zero elevation 

angle (EL) defined as the frontal view. Data are collected at two frequency bands, 12-15 

GHz and 3-6 GHz. A 3 GHz bandwidth is chosen to provide higher resolution. 

We briefly review the post-data processing since it has been covered in previous 

chapters. The sinogram (i.e. range profiles vs. aspect) is obtained through the inverse 

Fourier transform of the frequency response at each aspect after a Hamming window is 

applied. A 2-D ISAR image of the drone is obtained by using the k-space formulation 
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presented in Chapter 2. Since the collected data are uniformly sampled in frequency and 

angle, a polar reformatting is applied to interpolate the data onto a uniform kx-ky grid first. 

The ISAR image can then be obtained via a 2-D IFFT of the backscattered field. A 2-D 

Hamming window is applied to the interpolated data before the IFFT to reduce image 

sidelobes. Each ISAR snapshot is obtained using a 12.7° angular swath for the data from 

12-15 GHz and 38.1° for the data from 3-6 GHz. These angular windows are chosen to 

achieve an equal down-range and cross-range resolution of 5 cm (without windowing). 

Finally, an 18 cm-radius calibration sphere is measured to calibrate the results in terms of 

absolute RCS in dBsm. 

 

6.3 MEASUREMENT RESULTS: DJI PHANTOM 2 

6.3.1 Baseline Scenario 

First, we examine the results for a baseline scenario, viz. DJI Phantom 2 from 12-

15 GHz with the blades stationary, without a camera mounted, using vertical polarization 

  

(a) (b) 

Fig. 6.1 (a) Drone ISAR collection setup. (b) DJI Phantom 2 with GoPro camera 
[84]. 

θ"#
θ$%
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on transmit and receive, and azimuth scan at zero elevation angle. The resulting sinogram 

is shown in Fig. 6.2(a). It can be seen that the majority of the backscattered signal is 

confined within a 35 cm range extent. This agrees with the diagonal width of the drone. 

Additional returns beyond 17.5 cm in down-range are likely due to multiple scattering, 

but they are not prominent. 

Figs. 6.2(b)-(f) show the ISAR images at AZ = 8°, 45°, 90°, 135°, and 172°, 

respectively. These angles are defined by the central AZ angle of each angular window. 

Thus, Fig. 6.2(b) is the ISAR image at 8° to the left of the exact frontal view. The 

geometrical outline of the drone in its proper orientation is overlaid onto each ISAR 

image for comparison. In addition, the highest RCS level is marked in each figure. Note 

that due to the small size of the drone, there are fewer than 7 resolution cells in either the 

down-range or cross-range dimensions over the drone. Through the sequence of images, 

five main scattering mechanisms are revealed. The strongest scattering feature is shown 

in Fig. 6.2(d) where the AZ angle is at 90° (or the broadside view of the drone). Here, the 

strongest scattering is located at the center of the drone and can be attributed to the 

battery pack of the drone, which is a rectangular cuboid with a “bulge” at the tail end, as 

shown in the geometrical outline. At the broadside view, the largest surface area of the 

battery pack is perpendicular to the radar line of sight (RLOS). At -9.3 dBsm, this is the 

highest RCS level over all azimuth angles. Overall, the battery pack return is prominent 

at the cardinal angles and much weaker elsewhere. The four other scattering mechanisms 

are due to the four drone motors. Their returns are visible except when shadowed. The 

full ISAR movie can be found online [85]. It is clear that the ISAR images are more 

insightful than the sinogram since they reveal the 2-D spatial locations of the scattering 

features. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 6.2 DJI Phantom 2 baseline scenario. (a) Sinogram. (b)-(f) ISAR image at 8°, 
45°, 90°, 135°, 172° respectively. 
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6.3.2 Effect of Rotating Blades 

Next, we deviate from the baseline scenario by repeating the measurement with 

the plastic blades rotating at their minimum speed (which does not create sufficient lift 

for flight). There are no observable differences from the baseline scenario in either the 

sinogram or the ISAR images over all azimuth angles. A side-by-side ISAR image 

comparison with the baseline scenario at 102° AZ is shown in Fig. 6.3 to illustrate this 

observation. Thus, the spinning blades do not create any noticeable dynamic features in 

the radar signature within the 40 dB dynamic range. This is consistent with the fact that 

the stationary blades were not visible in the ISAR images in the static-blade scenario. It 

should be noted that these blades can be seen in a continuous-wave (CW) Doppler 

measurement using the VNA, where the drone is stationary and only the blades are 

spinning. Nonetheless, the blade returns are faint. They could be enhanced if the plastic 

blades are replaced with carbon-fiber blades. 

 

 

  

(a) (b) 

Fig. 6.3 Effect of rotating blades. (a) Baseline scenario (static blades). (b) Rotating 
blades scenario. 
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6.3.3 Effects of Polarization 

We change the polarization from vertical to horizontal on transmit and receive. A 

side-by-side ISAR image comparison with the baseline scenario at 6° AZ is shown in Fig. 

6.4. By switching to horizontal polarization, the return strength from the battery pack has 

decreased but the return strength from the drone motors have increased. Of note, the 

plastic blades (stationary or spinning) of the drone are still not visible under horizontal 

polarization. 

 

 

6.3.4 Effects of Mounted Camera 

Next, we mount a GoPro HERO4 camera to the base of the drone. A side-by-side 

ISAR image comparison with the baseline scenario at 60° AZ is shown in Fig. 6.5. The 

camera return is indicated by the arrow in Fig. 6.5(b). In fact, this aspect is where the 

mounted camera is most prominent. For most azimuth angles, it is found that the results 

are not significantly different from those of the without-camera case. The camera is 

  

(a) (b) 

Fig. 6.4 Effects of horizontal polarization. (a) Baseline scenario (vertical 
polarization). (b) Horizontal polarization scenario. 
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mounted below the battery pack. Thus, its return, in general, will coalesce with the 

battery pack returns when illuminated at a zero elevation angle. 

 

 

6.3.5 Effects of Frequency Change 

Next, we change the frequency range in the measurement from 12-15 GHz to 3-6 

GHz. A side-by-side ISAR image comparison with the baseline scenario at 194° AZ is 

shown in Fig. 6.6. The maximum RCS in Fig. 6.6(b) has decreased by 10.3 dB in 

comparison to Fig. 6.6(a). When averaged over all azimuth angles, the maximum RCS 

level is 11.6 dB lower at the 3-6 GHz band in comparison to that at 12-15 GHz band. 

Multiple scattering also appears more prominent at the lower frequency band. 

 

 

  

(a) (b) 

Fig. 6.5 Effects of a mounted camera. (a) Baseline scenario (no camera). (b) 
Mounted camera scenario. 
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6.3.6 Elevation Scan 

Finally, an elevation scan of the drone is collected at the zero azimuth angle at 12-

15 GHz. Vertical polarization is used on transmit and receive. Fig. 6.7(a) shows an ISAR 

image with the angular window centered at -90° EL. This corresponds to the scenario 

where the radar observes the drone flying by directly overhead and results in a side-view 

  

(a) (b) 

Fig. 6.6 Effects of frequency change. (a) Baseline scenario (12-15 GHz). (b) 3-6 
GHz scenario. 
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(a) (b) 

Fig. 6.7 Elevation scan. (a) ISAR image centered at -90° elevation. (b) ISAR image 
centered at 0° elevation. 
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image of the drone. Fig. 6.7(b) shows an ISAR image with the angular window centered 

at 0° EL. Unlike the previous azimuth-scan scenarios where the length and width of the 

drone are captured, these elevation-scan images capture the length and height of the 

drone. 

 

6.4 MEASUREMENT RESULTS: LARGER DRONES 

Next, we examine two larger drones: the 3DR Solo (shown in Fig. 6.8(a) with a 

46 cm diagonal width [86]) and the DJI Inspire 1 (shown in Fig. 6.8(d) with a 56 cm 

diagonal width [87]). We present the results of each at both the 12-15 GHz and 3-6 GHz 

band, using vertical polarization on transmit and receive, azimuth scan at zero elevation 

angle, and with the blades stationary. 

The resulting ISAR images for the 3DR Solo at broadside are shown in Figs. 

6.8(b) and 6.8(c) for 12-15 GHz and 3-6 GHz, respectively. Again, the geometrical 

outline of the drone in its proper orientation is overlaid onto each ISAR image for 

comparison. The ISAR image shows that the dominant returns are due to the drone 

battery pack and its four motors. It is clear from the image that the Solo is larger than the 

Phantom 2. The maximum RCS shown at the broadside view, -14.1 dBsm, is the 

maximum RCS level over all azimuth angles. Interestingly, despite the larger size, this is 

about 5 dB lower than the Phantom 2. This may be attributed to the different shape of the 

Solo and its battery pack. Similar to the Phantom 2, the overall RCS is weaker by 

approximately 10 dB in the 3-6 GHz band in comparison to that at 12-15 GHz. Multiple 

scattering also appears more prominent in the lower band. 
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

Fig. 6.8 (a) 3DR Solo [86]. (b) Solo ISAR image at 90° (12-15 GHz). (c) Solo ISAR 
image at 90° (3-6 GHz). (d) DJI Inspire 1 [87]. (e) Inspire 1 ISAR image at 
270° (12-15 GHz). (f) Inspire 1 ISAR image at 270° (3-6 GHz). 
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The ISAR images of the DJI Inspire 1 at broadside are also shown in Fig. 6.8. Fig. 

6.8(e) shows the result for 12-15 GHz, and Fig. 6.8(f) shows the result for 3-6 GHz. In 

this case, in addition to the drone battery pack and rotor motors, the horizontal frame of 

the Inspire 1 has a large contribution to the drone return. The large size of the drone is 

also reflected in the ISAR images. The maximum RCS at the broadside view, -3 dBsm, is 

again the highest RCS level over all azimuth angles and is due to the drone battery pack. 

Analogous to the other two drones, in the 3-6 GHz band, the overall RCS has decreased 

by about 10 dB and multiple scattering is more prominent. 

In summary, we have addressed the first two challenges posed in the introduction. 

First, while the overall RCS of these small drones are low, the resulting ISAR images still 

revealed the size and geometrical outlines of each drone. Second, it has also been shown 

that the plastic drone blades do not contribute a significant return (while stationary or 

spinning) in comparison to the rest of the drone body. 

 

6.5 IN-FLIGHT MEASUREMENT 

To address the third challenge, we proceed to in-situ measurement using the Time 

Domain radar. The target is a DJI Phantom 3 Advanced [88]. The exterior shape of the 

Phantom 3 is nearly identical to that of the Phantom 2. The main advantage of the 

Phantom 3 Advanced over the Phantom 2 is that the flight logs, which include Global 

Positioning System (GPS) coordinates and altitude, can be extracted from the drone. 

Additionally, in the Phantom 3 Advanced, GPS is combined with the Global Navigation 

Satellite System (GLONASS) to achieve higher accuracy than GPS alone. The 

availability of the flight logs provides a ground truth for motion compensation. Thus, we 
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compare the ISAR images generated through blind motion compensation with the images 

generated using GPS-assisted motion compensation. 

6.5.1 In-Flight Measurement Setup 

In-situ, in-flight measurements of a small consumer drone are taken using the 

P440 radar on the ground. A single dual-ridged horn (TDK HORN-0118, 1-18 GHz) is 

used for both transmit and receive through the use of a circulator. Vertical polarization is 

used on transmit and receive. Range profiles are collected as the Phantom 3 (without 

camera) is flown in a straight line, at approximately 9 m away from the radar, across the 

measurement scene. The sampling rate for consecutive range profiles is set to 100 Hz. 

Three different flight paths are taken in order to generate both an azimuth and elevation 

scan of the drone. The azimuth scan is generated by flying the drone horizontally across 

the measurement scene at a low height. Two elevation scans are generated by observing 

the drone as it flies directly overhead the radar and by observing the drone during takeoff. 

Fig. 6.9 shows the measurement setup with the measurement equipment on the left and 

the Phantom 3 Advanced on the right. Note, the measured data are not calibrated in terms 

of absolute radar cross section level but are instead normalized to the maximum value. 

 

Fig. 6.9 Drone in-flight measurement setup. 



 86 

6.5.2 Image Formation 

As with Chapter 5, we apply motion compensation in two parts. First, coarse 

motion compensation is applied to align the magnitude of the range profiles. This is done 

using the same methodology from the previous chapter. One set of collected range 

profiles are shown in Fig. 6.10(a). The range profiles, after coarse range alignment are 

shown in Fig. 6.10(b). 

After the coarse motion compensation, fine motion compensation is applied. The 

spectrogram at the center frequency, after coarse alignment, is shown in Fig. 6.11(a). 

Examining the spectrogram, there is a single dominant feature that is fairly persistent. 

This allows for alignment using the Doppler information [6, 11]. Although it is possible 

to use the same methodology from the previous chapter for fine motion compensation, we 

found the following approach produced better results: 

 

A(𝑛) = 𝑓(𝑛)𝛥𝑡
h

\ij

 (6.1) 

  

(a) (b) 

Fig. 6.10 Drone in-flight range profiles. (a) Before coarse motion compensation. (b) 
After coarse motion compensation. 
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𝐸���®f�W 𝑛, 𝑓 = 𝐸L 𝑛, 𝑓 𝑒OPQ¯° f s
s±
	
 (6.2) 

  

where A(𝑛) is the alignment offset of the 𝑛th time bin, 𝑓(𝑛) is the value of the Doppler 

frequency of the dominant feature in the 𝑛th time bin, and 𝛥𝑡 is the time sampling 

interval (in this case 10 ms). The above equations align the Doppler of the RCS centroid. 

Since the Doppler is the derivative of range, we can integrate the Doppler to obtain the 

necessary fine range alignment. The spectrogram before and after fine motion 

compensation are shown in Fig. 6.11. After both coarse and fine range alignment, ISAR 

snapshots are formed using a 26° angular swath to achieve equal down-range and cross-

range resolution in the image.  

For the GPS-assisted motion compensation, alignment is performed by calculating 

the relative distance between the radar and the drone for each instance in time. In order to 

obtain the relative distance from the flight logs, the drone is placed at the location of the 

radar prior to flight. Thus, the coordinates of the radar are known. 

  

(a) (b) 

Fig. 6.11 Drone in-flight spectrogram (a) Before fine motion compensation. (b) After 
fine motion compensation. 
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6.5.3 Results: Azimuth Scan 

The drone is flown horizontally across the measurement scene at approximately 

1.8 m above the ground. The resulting imaging plane is similar to the azimuth scan from 

the laboratory measurement at 0 EL. There are two minor differences between the 

laboratory measurement and the in-situ measurement. First, there is a slight elevation 

angle since the dual-ridged horn rests on the tripod at approximately 1.5 m above the 

ground. Second, the drone tilts slightly forward during flight. The resulting ISAR images 

are shown in Figs. 6.12(a)-(c). The ISAR images generated using GPS-assisted motion 

compensation are also shown in Figs. 6.12(d)-(f). The geometrical outline of the drone in 

its proper orientation is overlaid onto each ISAR image for comparison. 

Comparing the two sets of ISAR images, the blind motion compensation appears 

to perform better than the GPS-assisted motion compensation. The ISAR images after 

blind motion compensation are slightly more focused, and the drone remains in the center 

of the ISAR image. Due to inaccuracies in the GPS, the target in the ISAR images after 

GPS-assisted motion compensation may be shifted from the center (which is particularly 

evident in Fig. 6.12(f)). Overall, while the resulting images were well focused in cross-

range, the narrower bandwidth (compared to laboratory measurement) of the radar and 

the limited number of distinct scatterers on the drone make it challenging to accurately 

discern the shape of the drone. 

6.5.4 Results: Elevation Scan 

The drone is observed by the radar over two different flight paths. First, the drone 

is observed as it is flown directly overhead the radar. This captures an image similar to 

that of Fig. 6.7(a). Second, the drone is observed as it takes off from the ground. This 

captures an image similar to that of Fig. 6.7(b). The resulting ISAR images are shown in 

Fig. 6.13, where Fig. 6.13(a) is from the overhead flight and Fig. 6.13(b) is from the 
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

Fig. 6.12 In-flight ISAR images: azimuth scan. (a)-(c) Blind motion compensation. 
(d)-(f) GPS-assisted motion compensation. 
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takeoff. For comparison, the GPS-assisted images are also shown in Figs. 6.13(c)(d). 

Again, the geometrical outline of the drone in its proper orientation is overlaid onto each 

ISAR image for comparison. Again, the blind motion compensation performs better than 

the GPS-assisted motion compensation. In Fig. 6.13(c) in particular, due to GPS 

inaccuracies, the GPS-assisted motion compensation was unable to generate a focused 

image. Akin to the azimuth scan results, the in-situ ISAR images are focused but it is 

challenging to discern the shape of the drone. Of note, the Phantom 3 is 18 cm tall and 25 

  
(a) (c) 

  
(b) (d) 

Fig. 6.13 In-flight ISAR images: elevation scan. (a)(b) Blind motion compensation. 
(c)(d) GPS-assisted motion compensation. 
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cm wide from the side view. Thus, the target is roughly only 3 range cells wide in either 

dimension due to the 2 GHz bandwidth of the radar.  

6.5.5 Inspire 1 Measurement 

Finally, we present the in-situ ISAR images of an Inspire 1 in flight. Blind motion 

compensation is used to form the two azimuth scan ISAR images in Fig. 6.14. A 

comparsion between Fig. 6.14(a) and Fig. 6.8(f), which was formed based on turn-table 

data, shows the striking similarity between the two images.  The size difference between 

the Inspire 1 and Phantom 3 is also clearly reflected in the ISAR images. 

 

6.6 CONCLUSION 

In this chapter, we have presented a measurement study of the radar signatures of 

several consumer drones. The results show that the non-plastic portions of the drones 

(battery pack, motors, carbon fiber frame, etc.) dominate their radar signatures. It has also 

been shown that the plastic drone blades do not contribute a significant return (while 

stationary or spinning). While the overall radar cross section level is low, the resulting 

  

(a) (b) 

Fig. 6.14 In-flight ISAR images of Inspire 1. (a) AZ = 270°. (b) AZ = 262°. 

AZ	=	270° AZ	=	262°
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laboratory ISAR images reveal the size and geometrical outlines of each drone. 

Subsequently, we generated the ISAR images of consumer drones in flight using a 

stationary ground radar. Due to the narrower bandwidth of the radar and the limited 

number of distinct scatterers on the drone, in-situ identification of the drone is more 

challenging. However, preliminary in-situ measurement data show that classification 

based on the radar images of these drones may be feasible.  
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Chapter 7: Wide-Angle SAR Imaging Using a Small Consumer Drone7, 8 

In this chapter, we depart from the theme of the previous chapters on generating 

an ISAR image of a moving target from a stationary UWB radar. Instead, we take 

advantage of the portable and lightweight Time Domain UWB radar and mount it on a 

small consumer drone to carry out aerial SAR imaging of the ground. 

 

7.1 INTRODUCTION 

 There has been much recent interest in the use of small drones for aerial 

photography. This raises the possibility of using such small drones for aerial SAR 

imaging, which can offer complementary information to optical imagery. The use of large 

unmanned aerial vehicles (UAV) for SAR imaging is, of course, well established [89-91]. 

The use of low-cost portable drones for radar imaging could open up other potential 

applications in scientific, agricultural, environmental, and structural health monitoring. In 

this work, a low-cost SAR system mounted on a small consumer drone is developed and 

demonstrated. The imaging system is comprised of a UWB radar connected to an on-

board single-board computer. The radar is remotely controlled from a laptop on the 

ground through a Wi-Fi connection. The setup is mounted on the bottom of the small 

drone (see Fig. 7.1). By flying the drone across the measurement scene, range profiles are 

collected continuously across different look angles of the scene. The data are then post-

processed via motion compensation into focused SAR images. Both the side-looking and 

the downward-looking SAR scenarios are presented. 

                                                
7 C. J. Li and H. Ling, “Synthetic aperture radar imaging using a small consumer drone,” in Proc. IEEE 

Antennas Propag. Int. Symp., Vancouver, Canada, pp. 685-686, Jul. 2015. 
8 C. J. Li and H. Ling, “High-resolution, downward-looking radar imaging using a small consumer drone,” 

presented at IEEE Antennas Propag. Int. Symp., Fajardo, Puerto Rico, Jun. 2016. 
Chenchen Jimmy Li was the primary author for all content in the above publications. 
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7.2 SIDE-LOOKING SAR MEASUREMENT SYNOPSIS 

The system consists of the P410 radar, two antennas, a single-board computer 

with Wi-Fi capability, and a consumer drone. Two 5-turn helix antennas are used for 

transmit and receive. The radar sampling rate for consecutive range profiles is set at 20 

Hz to provide sufficient pulse integration and range coverage. The radar is controlled via 

a Raspberry Pi Model B with a Wi-Fi dongle and is given instructions from a laptop over 

Wi-Fi. The entire system (including batteries and cables) weighs less than 300 g and is 

mounted to a DJI Phantom 2 drone. Range profiles are collected by flying the drone 

across the scene in a straight line (at approximately 2 m above the ground). The closest 

approach, rmin, is approximately 7.5 m. Fig. 7.1 shows a diagram of the measurement 

setup. Range profiles are collected over a distance of approximately 8 m or 60° of angular 

swath. Fig. 7.2 shows two photos of the drone-SAR system from two different 

perspectives. 

 

Fig. 7.1 Drone-SAR system and measurement setup. 
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To replace the bulky horns used in previous measurements, two 5-turn helix 

antennas were designed for a center frequency of 4.3 GHz. The mold was created using 

3-D printing, and 18-AWG wire was used to create the helix. One right-hand circularly 

polarized and one left-hand circularly polarized helix are constructed to account for the 

polarization reversal upon reflection. Each helix is mounted on an aluminum ground 

plane. Fig. 7.3(a) shows the measured reflection coefficient, and Fig. 7.3(b) shows the 

  

(a) (b) 

Fig. 7.2 Drone-SAR system on the Phantom 2 drone. (a) Top-down view. (b) Belly-
up view. 

Helix	Antennas

Radar

Raspberry	Pi

  
(a) (b) 

Fig. 7.3 Helix antenna measurement. (a) Reflection coefficient. (b) Gain. 
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measured gain of the helix. Finally, the measured two-way 3 dB beamwidth is roughly 

15°. 

 

7.3 IMAGE FORMATION 

For calibration and testing, four trihedrals (16 cm per side) are placed on the 

ground in a rhombus configuration with 3 m diagonals. Fig. 7.4 shows a photo of the 

scene. Fig. 7.5(a) shows the measured range profiles vs. flight time. The four tracks in the 

plot correspond to the four trihedrals in the scene. As expected, the tracks exhibit 

significant range migration due to the wide collection angular swath. Fig. 7.5(b) shows 

the simulation result based on a point-scatterer model under a constant velocity flight. 

The same range tracks are observed. To form an image from the data, translational 

motion compensation is carried out by alignment to a prominent point-scatterer [2]. Fig. 

7.5(c) shows the range profiles after range alignment to the closest trihedral. The center 

of rotation is now located at the closest scatterer. Again, good agreement with the aligned 

simulated range profiles in Fig. 7.5(d) is observed. Next, we perform rotation motion 

compensation to focus the scatterers located away from the rotation center. To 

 

Fig. 7.4 Drone-SAR measurement scene with 4 trihedrals. 
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accomplish this, we estimate the azimuth angle of the radar with respect to the rotation 

center and then apply k-space imaging (as discussed earlier in Chapter 2). To relate 

measurement time with the azimuth angle	ϕ, we assume the flight path is straight and use 

the relationship ϕ = cosOj 𝑟��f/𝑟 , where r is the range at each instance in time, and rmin 

is the minimum range (see Fig. 7.1).  

 

7.4 SIDE-LOOKING SAR RESULTS 

Fig. 7.6(a) shows the resulting SAR image based on the simulated point-scatterer 

data shown in Fig. 7.5(d). Three of the point-scatterers are well focused but the farthest 

point-scatterer exhibits some cross-range smearing. This is verified to be caused by near-

  
(a) (b) 

  
(c) (d) 

Fig. 7.5 (a) Measured range profiles vs. flight time from 4 trihedrals on the ground 
collected from the drone-SAR. (b) Simulated range profiles based on a 
point-scatterer model and constant velocity flight. (c) Aligned measured 
range profiles. (d) Aligned simulated range profiles. 
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field effects due to the closeness of the targets from the radar. Next, as an intermediate 

step, we mount the drone on a rail and smoothly move it along the measurement path. 

The resulting image is shown in Fig. 7.6(b). There is good agreement with the simulation; 

three of the trihedrals are well focused while the farthest trihedral exhibits some cross-

range smearing. Finally, Fig. 7.6(c) shows the resulting SAR image from the drone flying 

along the measurement path. Other than the closest reference trihedral, the other 

trihedrals are less focused compared to Fig. 7.6(b) since the drone flight is not as smooth. 

Nonetheless, four trihedrals in their correct locations can be seen in the SAR image.  

One solution to correct the near-field effect is implementing the same NFFFT as 

done with the utility-class wind turbine. However, the NFFFT requires the data to be 

  
(a) (b) 

 
(c) 

Fig. 7.6  (a) Simulated SAR image. (b) Measured SAR image with drone on rail. (c) 
Measured drone-SAR image. 

R
an

ge
 (m

)

Cross-range (m)

 

 

-2 -1 0 1 2
-1

0

1

2

3

4

-30

-25

-20

-15

-10

-5

0

R
an

ge
 (m

)

Cross-range (m)

 

 

-2 -1 0 1 2
-1

0

1

2

3

4

-30

-25

-20

-15

-10

-5

0

R
an

ge
 (m

)

Cross-range (m)

 

 

-2 -1 0 1 2
-1

0

1

2

3

4

-30

-25

-20

-15

-10

-5

0



 99 

uniformly sampled in angle. Since the measured data is not uniformly sampled in angle, 

interpolation would be required before a NFFFT. An alternative approach is to use a 

near-field backprojection algorithm [67]. Here, we have implemented near-field 

backprojection using the following: 

 

𝑆𝐴𝑅 𝑟, 𝑐𝑟 =
1
𝑁𝑀 𝐸L 𝑥f, 𝑓� ×𝑒P

r¯ś
; ;�OSg �Y �YZ� �Yµ��

¥

�ij

h

fij

 (7.1) 

 

where 𝑟 is range, 𝑐𝑟 is cross-range, 𝑥f is the 𝑛th position of the drone flight path, 𝑦�is the 

distance of the closest approach, and 𝑧� is the height of the drone flight. Fig. 7.7 provides 

an illustration of this scenario. In essence, for each range, cross-range pixel in the SAR 

image, we calculate the distance from the radar and phase compensate the measured 

scattered field data. By summing this over all frequencies and angles, we arrive at the 

final image. 

The resulting near-field corrected SAR images are shown in Fig. 7.8. It is seen 

from Fig. 7.8(a) that image blurring due to the near-field effect has been removed. This 

correction is also carried over to the measurement data in Figs. 7.8(b) and 7.8(c).  Again, 

 

Fig. 7.7 Measurement scenario for near-field backprojection. 
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there is good agreement between the rail-SAR, and the drone-SAR results are slightly 

more blurred since the drone flight is not as smooth. 

SAR images of other targets can also be formed by flying radar on the drone 

across the measurement scene. Here, we form SAR images of a parked vehicle from two 

different perspectives. A trihedral is left in the scene for reference. Fig. 7.9(a) shows a 

photo of one orientation of the vehicle, and Fig. 7.9(b) shows the resulting SAR image. 

Fig. 7.9(c) shows a photo of the vehicle in another orientation, and Fig. 7.9(d) shows the 

resulting SAR image. The focused point in front is the reference trihedral. In agreement 

with Chapter 5, the predominant contribution comes from the side panel of the car in Fig. 

  
(a) (b) 

 
(c) 

Fig. 7.8  SAR images after near-field backprojection. (a) Simulated. (b) Rail-SAR. 
(c) Drone-SAR. 
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7.9(b). However, if the orientation of the side panel is tilted relative to the radar, such as 

in the case of Fig. 7.9(d), other features of the vehicle become more visible. 

 

7.5 DOWNWARD-LOOKING SAR MEASUREMENT SYNOPSIS 

For situations where a drone can fly directly over the scene of interest, the 

downward-looking mode should also be feasible. In this section, an optical and radar 

system are combined to operate concurrently in the downward-looking mode while 

mounted on a small drone. The system is the same as before, but now the helix antennas 

 
 

(a) (b) 

 
 

(c) (d) 

Fig. 7.9 Drone-SAR image of a vehicle. (a) Photo of orientation 1. (b) SAR image of 
orientation 1. (c) Photo of orientation 2. (d) SAR image of orientation 2. 
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are pointed downward. Furthermore, the on-board, single-board computer has been 

upgraded to the Raspberry Pi 2 and an optical camera has been added. By flying the 

drone directly overhead the measurement scene, range profiles are collected in 

conjunction with optical video. The radar range profile sampling rate and video frame 

rate are both set at 25 Hz. The results of several sample measurements scenes are 

presented and discussed. 

The measurement system and setup is illustrated in Fig. 7.10 where the range 

profiles and video are collected by flying the drone directly overhead the measurement 

scene in the downward-looking mode. Three measurement scenes are examined: a row of 

six trees, a row of four vehicles in a parking lot, and two humans standing in a parking 

lot. 

7.6 DOWNWARD-LOOKING SAR RESULTS 

A row of six trees of varying heights is surveyed. A side-view of the measurement 

scene is shown in Fig. 7.11(a), and an aerial snapshot of tree 3 from the drone is shown in 

 
 

Fig. 7.10 Drone measurement system and setup. 
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the inset of the figure (where one of the helix antennas is visible). The collected range 

profiles vs. time are shown in Fig. 7.11(b). Altitude variations during the drone flight are 

corrected using the ground returns. Due to shadowing from the tree canopies, the ground 

returns are not persistent. Thus, a smoothing spline is used to curve fit the ground returns 

and align the range profiles. The ground returns, after alignment, form the horizontal line 

at about 11.5 m in range. From the range profiles, the tree canopy returns are clearly 

observed. The height information of each tree follows the same trend as that shown in 

Fig. 7.11(a). Significant penetration into the tree canopy, on the order of several meters, 

is observed. Some radar wave penetration into the soil can also be seen. 

Next, a row of four different parked vehicles is examined. A side-view of the 

measurement scene is shown in Fig. 7.12(a), and an aerial snapshot of vehicle 1 is shown 

in the inset of the figure. Vehicle 1 is a grounds maintenance cart, vehicle 2 is a minivan, 

and vehicles 3 and 4 are sports utility vehicles. The collected range profiles are shown in 

Fig. 7.12(b). Here, the ground returns have been aligned at 4.7 m in range. Due to 

shadowing from each vehicle, the ground returns are not persistent. The height of each 

vehicle can be determined from the range profiles. In this case, the heights of all four 

vehicles are roughly the same. For vehicle 1, the track with a vertex at approximately 3 m 

in range is due to the roof of the cab of the vehicle, while the track with a vertex at 

approximately 4 m in range is due to the rear bed of the vehicle. 

Lastly, two people in different poses are examined. A side-view of the 

measurement scene is shown in Fig. 7.13(a), and an aerial snapshot of person 2 is shown 

in the inset of the figure. The collected range profiles are shown in Fig. 7.13(b). The 
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(a) 

 
(b) 

 

Fig. 7.11 Measurement of trees. (a) Photograph. (b) Range profiles. 
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(a) 

 
(b) 

Fig. 7.12 Measurement of vehicles. (a) Photograph. (b) Range profiles. 
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ground returns, which are persistent throughout in this case, have been aligned at 5.2 m. 

The two tracks that have a vertex around 3.4 m are due to the head of each person and 

indicate the height of each person. For person 1, the strong returns about 50 cm below the 

head return are due to a laptop held at chest level. For person 2, the strong returns about 

25 cm below the head return are due to the outstretched arms and shoulders. Overall, the 

strength of the returns is weaker than that from vehicles. 

Since there is no reference trihedral in the scene, motion compensation needs to 

be done using positioning information from the drone itself. This may be done by 

mounting the drone-SAR system to the Phantom 3 Advanced and downloading the GPS 

data, via USB, after the flight. Thus, it should be possible to further focus the collected 

range profiles along the flight direction, thus generating a frontal-view SAR image [2]. 

This is a possible topic for future work. 

 

 
 

(a) (b) 

Fig. 7.13 Measurement of humans. (a) Photograph. (b) Range profiles. 
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7.7 CONCLUSION 

In this chapter, we have developed a low-cost, drone-based SAR system and 

demonstrated its SAR imaging performance. The entire system including the radar, the 

antennas, and a single-board computer fits on a small consumer drone and can be 

controlled through a Wi-Fi connection. To generate a focused SAR image, accurate 

motion compensation is required. A focused SAR image of four trihedrals on the ground 

was formed using drone-collected measurement in the side-looking mode. SAR images of 

a vehicle, in two different orientations, were also shown. Subsequently, we switched to 

the downward-looking mode, where concurrent optical and radar data are collected. 

Three drone-collected measurement sets were shown and discussed. The resulting radar 

data contain information about the scene that is not always obvious in the optical 

imagery.  
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Chapter 8: Conclusion and Future Work 

8.1 CONCLUSION 

A state-of-the-art UWB radar was used to investigate and demonstrate in-situ, 

high-resolution radar imaging of dynamic targets. On its own, the high-resolution range 

profiles collected by the radar can be considered one-dimensional, high-resolution radar 

images of the target. In this dissertation, we fulfilled the true potential of UWB radar 

imaging by generating two-dimensional, high-resolution radar images of the target 

through wide-angle synthetic aperture data collection and processing. Three challenging 

classes of moving targets were investigated: wind turbines, vehicles, and small consumer 

drones. In addition to being of current interest, these targets have vastly different sizes. 

Their electrical sizes ranged from more than one thousand wavelengths to less than five 

wavelengths at the operating frequency of the radar. As a result, we had to deal with 

scenarios in which the target was large enough such that the maximum Doppler extent 

posed sampling rate challenges and scenarios in which the target was small enough such 

that it posed SNR and image resolution concerns. In such a way, the necessary 

measurement, simulation, and post-processing methodologies to form focused imagery 

for these cases were established. High-resolution radar imaging of these targets were then 

demonstrated and the technical limitations evaluated. 

In Chapter 3, the measurement and processing methodologies to capture the in-

situ ISAR image of an operating horizontal-axis wind turbine was developed. The 

methodologies were first tested and validated on a small wind turbine. Motion 

compensation and image formation algorithms were implemented to generate a well-

focused ISAR image. Results were compared to those generated using physical-optics 

simulation, and good agreement between measurement and simulation was observed. It 

was shown that the resulting ISAR images provided revealing geometrical insight on the 
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blade scattering phenomenology that is not as apparent in either the range profile or 

Doppler spectrogram alone. The same methodologies were then applied to a larger 18-

blade windmill and a 1.7 MW utility-class wind turbine. In the latter case, additional 

near-field effects due to the maximum range limit of the radar were encountered. They 

were corrected using a near-field to far-field transform, and the inner portion of the 

turbine blades was successfully imaged. 

In Chapter 4, following the horizontal-axis wind turbine work, a vertical-axis 

wind turbine was investigated. First, measurement and physical-optics simulation were 

carried out for a 1.5 m model to validate the physical-optics prediction. The underlying 

scattering physics of the observed features from the blade, strut, and tower structures was 

discussed. It was shown that physical optics was also sufficient to capture the key 

scattering features of a vertical-axis wind turbine. Subsequently, simulation of a 112 m 

tall Darrieus-type vertical-axis wind turbine was carried out. In this case, in-situ 

measurement was not performed, as these types of structures are presently under 

consideration for future off-shore wind power generation. 

In Chapter 5, wide-angle ISAR imaging of vehicles from a stationary roadside 

radar was investigated for potential applications in vehicle classification. First, baseline 

ISAR images were obtained in the cooperative measurement scenario with a ranging 

radio. The resulting images showed a clear distinction between different-sized vehicles. 

The images were then further focused through motion compensation using a p-norm 

minimization. The resulting images were well focused and corresponded closely to the 

physical dimensions of the vehicles. Subsequently, we investigated the non-cooperative 

imaging scenario. In this case, the vehicle range was estimated based on the measured 

range profile centroid. Again, p-norm minimization was applied, and the resulting images 

were well focused and corresponded closely to the physical dimensions of the vehicles. 
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In Chapter 6, a laboratory measurement study of the radar signatures of several 

consumer drones was first performed. The results showed that the non-plastic portions of 

the drones (battery pack, motors, carbon fiber frame, etc.) dominate their radar 

signatures. It was also shown that the plastic drone blades do not contribute a significant 

return (while stationary or spinning). While the overall radar cross section level is low, 

the resulting ISAR images revealed the size and geometrical outlines of each drone, 

which could facilitate drone detection and identification. Subsequently, in-situ ISAR 

imaging of a consumer drone in flight from a stationary radar on the ground was 

investigated. While the resulting images were well focused in cross-range, the narrower 

bandwidth (compared to laboratory measurement) of the radar and the limited number of 

distinct scatterers on the drone make in-situ drone detection and identification, at this 

time, challenging. 

In Chapter 7, we departed from the previous topics of generating an ISAR image 

of a moving target from a stationary UWB radar. Instead, we took advantage of the 

portable and lightweight radar and mounted it on a consumer drone to carry out aerial 

SAR imaging of scenes on the ground. The entire system including the radar, antennas, 

and a single-board computer fits on a small consumer drone and can be controlled 

through a Wi-Fi connection. Both the side-looking and downward-looking SAR scenarios 

were investigated. 

Overall, this dissertation investigated the use of a UWB radar for in-situ, high-

resolution radar imaging of moving targets and developed the required measurement and 

processing methodologies to achieve equally high range and cross-range resolution. Each 

class of targets examined in this dissertation was of considerable current interest, and 

high-resolution radar imaging showed promising potential applications. Some future 

work that warrants further investigation is discussed in the following section. 
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8.2 FUTURE WORK 

We have established the methodology to ISAR image a wind turbine in-situ. 

Small wind turbines were fully captured by the radar but, due to hardware limitations, 

only the inner portion of the utility-class wind turbine was imaged. Continued 

improvements to UWB radar technology, in particular to the maximum sampling rate, 

will allow for these utility-class wind turbines to be fully captured. Alternatively, imaging 

the wind turbine from the frontal-view could achieve similar results (as the incident angle 

effectively compresses the maximum Doppler extent of the turbine). There are two 

additional considerations that should be taken into account when using this approach. 

First, due to the increased distance, SNR may become an issue. Thus, a larger transmit 

power may be required. Second, at the frontal view, the validity of the near-field-to-far-

field transformation should be more carefully examined. 

Since ISAR imaging maps dominant scattering features in a 2-D space, it assists 

in the understanding of wind turbine scattering phenomenology. This, in turn, can 

facilitate the development of clutter mitigation algorithms and wind turbines with 

reduced RCS. For example, it may be possible to construct matched filters based on the 

sparse features of turbine scattering to de-clutter the return of wind turbine contribution. 

Similarly, selective treatment of turbine surfaces that give rise to high scattering with 

radar absorbing materials could result in stealthy turbine structures. Finally, high-

resolution ISAR images could be used for structural health monitoring of the wind 

turbines blades. Wind turbine blades require routine inspection as they are subject to 

normal wear and tear over its life cycle as well as lightning strike damage. Early 

detection of cracks and tears is key to prevent catastrophic damage to the turbine. This is 

currently done through close-up visual inspection by an inspection worker or through the 

use of optical cameras, during which, the wind turbine is manually stopped. Radar 
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imaging could provide 24-hour, all-weather monitoring without the need to interrupt the 

wind turbine from power generation. 

We have also established the methodology to ISAR image a vehicle in-situ. Two 

further improvements could be made. In the results shown, the features in the front and 

rear of the vehicles are lacking. This can be remedied through data collection over a 

wider angular swath. Additional features could also be revealed by using a second radar 

that is displaced in elevation from the first, to carry out interferometry. By comparing the 

phase of the two SAR images acquired at two different elevation angles, it may allow 

vehicle height information to be extracted. Thus, 3-D vehicle radar imaging could be 

achieved. This has potential applications in vehicle classification for perimeter security 

and traffic monitoring for intelligent transportation systems. Through in-situ 

measurements of different vehicles, a database may be formed that would facilitate 

automatic vehicle classification and/or identification. Another particularly interesting 

application is in the area of self-driving cars [92]. Assistance by a road-side radar that is 

able to track and subsequently image vehicles in addition to what is already available on 

the self-driving vehicle can improve reliability and safety. 

For small consumer drones, we have successfully generated their ISAR images in 

laboratory measurement. However, the resulting in-situ images using the UWB radar 

were less distinctive in capturing the drone shape and size due to the smaller bandwidth. 

In this case, increasing the pulse bandwidth of the radar should improve results—

admittedly, this is subject to emission regulations. Nonetheless, the methodology has 

been established and the ability to distinguish between two different-sized drones was 

shown. Therefore, with the continued advancements in UWB radar technology, tracking 

and subsequent classification of small consumer drones could potentially be achieved. 
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Finally, the drone-SAR system showed promising results. The most immediate 

future work is to implement image focusing using the drone’s built-in GPS flight data. 

Once GPS-assisted image focusing is achieved, a low-cost drone-SAR system could open 

up potential applications in scientific, agricultural, environmental, and structural health 

monitoring that were cost-prohibitive in the past. The following are some examples. 

Scientific and environmental monitoring is currently done using SAR systems mounted 

underneath airplanes or large UAVs. By making repeat flights (along the same path) 

periodically over many years, the change in radar imagery over time can be investigated. 

However, each measurement campaign is costly, thus restricting the time interval 

between flights. SAR imaging using consumer drones could be useful in cases where a 

higher frequency of repeat flights is desirable. Furthermore, through the use of multiple 

drones in the air, we are no longer limited to the monostatic scenario and could allow for 

bistatic or multistatic measurements. It is also well known that SAR imaging could reveal 

soil moisture content. Therefore, a drone-SAR system could potentially be used to 

monitor agricultural crops. Finally, consumer drones are an excellent candidate for 

structural health monitoring, and are already being used to do so via the on-board camera. 

The addition of a drone-SAR system that operates concurrently with the on-board camera 

could provide additional information that is not available optically.  
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Appendix: Near-Field to Far-Field Transformation 

In this Appendix, we summarize the formulation of the Mensa and Vaccaro 

algorithm for near-field to far-field transformation (NFFFT) [68, 69] (we shall denote this 

as Mensa’s algorithm from this point forward). To preface, there are several methods to 

transform near-field scattering data to far-field scattering data [68, 93, 94]. Mensa’s 

algorithm [68] is chosen in this dissertation because it is easy to implement and can be 

applied for monostatic data collection. However, the transformation is an approximation. 

It can be derived using a combination of Huygens’ (or equivalence) principle, the 

stationary phase approximation, and the point-scatterer model. A few simplifying 

assumptions that are used in the original Mensa formulation are: (i) scalar wave theory, 

(ii) point-scatterer model of the target scattering with no higher-order scattering, (iii) 1-D 

angular monostatic RCS data collection in the waterline plane of the target, and (iv) 

correcting the phase of the near-field data is of primary concern (this results in correcting 

the location of point scatterers in the final radar image), not the amplitude. While 

Mensa’s algorithm has been described in [68, 69], for clarity, we provide a more detailed 

description of its derivation here.  

The problem geometry is shown in Fig. A.1, where a plane wave field 𝐸�,ss is 

incident on a point scatterer and 𝐸L,ss is the observed backscattered far field, both in the 

directions shown. The objective here is to relate 𝐸L,ssto the incident and scattered fields 

in the near-field region of the target. The final goal is to obtain an expression that allows 

for transformation of collected near-field RCS data from a near-field source into the far-

field RCS data from a far-field source. 
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From Huygens’ principle, we can choose a Huygens’ surface in the near-field 

region of the target point scatterer. Now, an equivalent source can be placed on the 

surface such that the same incident field 𝐸� impinges on the target as that of the original 

plane wave 𝐸�,ss. If a planar Huygens’ surface at a distance r from the origin O is chosen, 

the expression that relates 𝐸� to the equivalent source is: 

 

𝐸� = 	𝐸�,ss = 𝐸�,fs 𝑥· 𝑒OPR ��Y S¸OS¹ �𝑑𝑥′
m

Om

 (A.1) 

 

where 𝐸�,fs 𝑥·  is the incident plane wave 𝐸�,ss observed on the Huygens’ surface. 

Similarly, we can use Huygens’ principle to relate 𝐸L,ss to the scattered near-field 

𝐸L,fsobserved on the same Huygens’ surface due to scattering of 𝐸� by the target. 

 

 

Fig. A.1 Problem geometry for planar Huygens’ surface with a single point scatterer. 
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	𝐸L,ss = 𝐸L,fs 𝑥·· 𝑑𝑥′′
m

Om

 (A.2) 

 

Note that the same phase delay to the far field on the left is shared by all the radiating 

equivalent point sources on the plane, and thus the extra phase term is suppressed in Eq. 

(A.2).  

 Using the point-scatterer model, we can relate the scattered near-field observed on 

the Huygens’ surface to the incident field 𝐸� as: 

 

𝐸L,fs 𝑥·· = 𝐴L𝐸�𝑒OPR ��Y S¸OS¹¹ � (A.3) 

 

where the phase factor accounts for the phase delay from the target back to the Huygens’ 

surface, and 𝐴L is the scattering amplitude of the target. Then, by combining Eqs. (A.1-

A.3), the scattered far field can be obtained as: 

 

𝐸L,ss = 𝑒OPR ��Y S¸OS¹ �𝑑𝑥′
m

Om

𝑒OPR ��Y S¸OS¹¹ �𝑑𝑥′′
m

Om

 (A.4) 

 

In obtaining Eq. A.4, for simplicity, we have assumed both 𝐴L and 𝐸�,fs are unity. The 

latter is done since the incident plane wave observed on the Huygens’ surface is equi-

phase and uniform in amplitude everywhere along the planar Huygens’ surface. 

Examining Eq. A.4, we can see that the first integral is the summation of the fields 

observed along the Huygens’ surface radiated to the target, and the second integral is the 

summation of the fields observed along the Huygens’ surface that were radiated back 
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from the target. To evaluate each integral, the stationary phase approximation [95] is 

applied and the following closed-form expression is obtained: 

 

𝐸L,ss ≅ 	 𝑒OPR�
2𝜋𝑟
𝑗𝑘 𝑒OPR�

2𝜋𝑟
𝑗𝑘 	

	

						≅ 𝑒OPQR�
2𝜋𝑟
𝑗𝑘  

(A.5) 

 

The final result in Eq. (A.5) is consistent with what one would expect the far-field 

backscattering from a point scatterer to be (with an unimportant scaling factor). However, 

implementing Eq. (A.4) would be an extremely laborious measurement to make. It 

requires that for each transmit location 𝑥′ on the Huygens’ surface, we collect the 

scattered field at all receive locations 𝑥′′ on the same Huygens’ surface—essentially 

measuring the full bistatic response of the target. Thus, a monostatic expression would be 

preferred. 

Next, the monostatic scenario is shown in Fig. A.2. We choose the monostatic 

collection aperture to be the same as the Huygens’ surface in the previous derivation, 

where the phase delay from the Huygens’ surface to the point target is now the same as 

the phase delay from the point target back to the Huygens’ surface. Therefore, the 

expression for the measured monostatic data along the near-field collection aperture is 

(again, the scattering amplitude 𝐴L is assumed to be unity): 

 

𝐸���L 𝑥 = 𝑒OPQR ��Y S¸OS � (A.6) 
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Mensa’s NFFFT algorithm entails integrating the measured monostatic field over the 

entire collection aperture: 

 

𝐸L,ss = 𝐸���L 𝑥
m

Om

𝑑𝑥 (A.7) 

 

By plugging Eq. (A.6) into Eq. (A.7) and applying the stationary phase approximation, 

we arrive at: 

 

𝐸L,ss = 	 𝑒OPQR ��Y S¸OS �

m

Om

𝑑𝑥 ≅ 𝑒OPQR�
2𝜋𝑟
𝑗2𝑘  (A.8) 

 

We notice that, with the exception of an unimportant scaling factor, the resulting 

expression in Eq. (A.8) is the same as Eq. (A.5). The far-field phase, which is of primary 

 

Fig. A.2 Problem geometry for planar aperture under the monostatic scenario. 
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concern, has been recovered in Eq. (A.8). Since Eq. (A.8) comes from Eq. (A.7), and Eq. 

(A.5) comes from Eq. (A.4), we can conclude that Eq. (A.4), which was derived based on 

Huygens’ principle, can be approximated by integrating the measured monostatic near 

field over the collection aperture, as shown in Eq. (A.7). This is a key intermediate result 

of Mensa’s algorithm. 

To further simplify data collection, a similar derivation can be applied to a 

circular Huygens’ surface instead of a planar surface. Fig. A.3 shows the problem 

geometry for a circular Huygens’ surface. Note, the point scatterer is in the center of the 

problem geometry for simplicity, but it is not a necessary condition. Now, the field 

incident on the target can be expressed as the following: 

 

𝐸� = 𝐸�,ss = 𝐸�,fs ϕ· 𝑒OPR�𝑟	𝑑ϕ′
¯

O¯

 (A.9) 

 

Fig. A.3 Problem geometry for circular Huygens’ surface with a single point 
scatterer. 
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However, unlike the planar Huygens’ surface scenario, we cannot assume equi-phase 

fields to be observed along the circular Huygens’ surface. Thus, relative to the zero-phase 

reference plane shown in Fig. A.3, the field observed on the Huygens’ surface is now 

(with the amplitude set to unity): 

 

𝐸�,fs ϕ· = 𝑒OPQR�L�f
� X¹

Q  (A.10) 

 

Again, we apply Huygens’ principle a second time in order to relate 𝐸L,ss to 𝐸L,fs on the 

circular Huygens’ surface. In this case, the radiating equivalent point sources on the 

Huygens’ surface do not share the same phase delay to the far field on the left, and an 

extra phase term is needed. 

 

𝐸L,ss = 𝐸L,fs ϕ·· 𝑒OPQR�L�f
� X¹¹

Q 𝑟	𝑑ϕ′′
¯

O¯

 (A.11) 

 

Using the point-scatterer model (and assuming 𝐴L is unity), we can relate 𝐸L,fs to 𝐸� as: 

 

𝐸L,fs ϕ·· = 𝐸�𝑒OPR� (A.12) 

 

Since we have chosen our circular Huygens’ surface such that the point target is at the 

center, the observed scattered field on the surface is the same regardless of the 

observation angle. Finally, by combining Eqs. (A.9-A.12) and applying the stationary 

phase approximation, we obtain the following expression: 
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𝐸L,ss = 𝑒OPR�𝑒OPQR�L�f
� X¹

Q 𝑟	𝑑ϕ·
¯

O¯

𝑒OPR�𝑒OPQR�L�f
� X¹¹

Q 𝑟	𝑑ϕ··
¯

O¯

	

	

											≅ 𝑒OPR�
2𝜋𝑟
𝑗𝑘 𝑒OPR�

2𝜋𝑟
𝑗𝑘 = 𝑒OPQR�

2𝜋𝑟
𝑗𝑘  

(A.13) 

 

The final result is the same as with the planar Huygens’ surface. This is to be expected 

since Huygens’ principle is equivalent for any arbitrary surface. Overall, Eq. (A.13) 

shows that a NFFFT can also be performed from the full bistatic measurements on a 

circular Huygens’ surface. 

 Next, we examine the monostatic scenario shown in Fig. A.14. Here, 𝐸���L is 

simply (again, 𝐴L is assumed to be unity): 

 

 

Fig. A.4 Problem geometry for circular aperture under the monostatic scenario. 
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𝐸���L ϕ = 𝑒OPQR� (A.14) 

 

Applying Mensa’s algorithm, we again integrate the measured monostatic data over the 

entire aperture. However, unlike the planar aperture case, the data should be weighted by 

a phase-correcting term: 

 

𝐸L,ss = 	 𝐸���L ϕ 𝑒OPrR�L�f
� X
Q 𝑟	𝑑ϕ

¯

O¯

 (A.15) 

 

Substituting Eq. (A.14) into Eq. (A.15) and applying the stationary phase approximation, 

we arrive at: 

 

𝐸L,ss = 	 𝑒OPQR�𝑒OPrR�L�f
� X
Q 𝑟	𝑑ϕ

¯

O¯

≅ 𝑒OPQR�
2𝜋𝑟
𝑗2𝑘  (A.16) 

 

As with before, the final result using Huygens’ principle and the final result using the 

Mensa’s algorithm, after the stationary phase approximation, are the same (except for an 

unimportant scaling constant). This means the far-field data can be reconstructed by 

integrating the monostatic data that was collected in a circular arc around the target, as 

shown by Eq. (A.15). The transform can also be applied to data collected using the 

inverse scenario, i.e. from a stationary radar and a rotating target. 

Finally, some concluding remarks. First, we have shown that the chosen 

mathematical operation in Eq. (A.15) is an NFFFT that can be performed after collecting 

only monostatic near-field data along the Huygens’ surface. In practice, the integration 

must be implemented numerically and only a finite integration limit with sufficient 
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sampling density is required for convergence. Furthermore, more complex targets (such 

as wind turbines) can be modeled as a collection of discrete point scatterers, and this only 

changes the required integration limit and sampling density. The details of the last two 

points were investigated in detail in [69]. Eq. (3.4) in the main body of the dissertation 

shows a discretized implementation of (A.15). The recommended choices for the 

integration limit and the sampling density from [69] are adopted. 
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