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Abstract

The engineering ethos of the last decade has been miniaturization. Progress in various industries
like material design, semiconductor technology, and digital signal processing has resulted in low-
profile electrical systems. This has facilitated the means of integration onto platforms. Sensors
such as radars are typically large, heavy, and consume a lot of power. Miniaturization of radars
can enable important applications like remote sensing the various aspects of the Earth System from
Unmanned Aerial Systems (UAS). Information about natural topography like ice sheets,
vegetation cover, and ocean currents can improve our understanding of the natural processes and
continued measurements offer insight into the changes over time. Soil plays a vital role in the
Earth’s hydrological cycle. The moisture in soil influences the weather, vegetation, and human
endeavors like construction. Models are built using an extensive set of temporal soil moisture data
to predict natural disasters like droughts, floods, and landslides. It plays a central role in the areas
of agriculture and water resource management and hence can influence policy making and
economic decisions.

In this work, an investigative approach to the design, build, and test of a 2 — 18 GHz Frequency
Modulated Continuous Wave radar for snow and soil measurements is reported. The radar system
is designed to be integrated to the Vapor 55 rotorcraft, which is a Group 1 UAS. The radar can
operate as a scatterometer to measure backscatter signatures in all four combinations of vertical
and horizontal polarizations; or as a nadir-looking sounder for fine-resolution snow thickness
measurements.

One of the primary contributions of this work is the exploration of a single-module that integrates

the radar’s RF transmitter, RF receiver, receiver’s IF section, wideband sweep generator, and the



DC bias circuitry for the active components. The sweep generator is based on a phase-locked loop
and frequency multiplication/translation stage. The compact assembly is in the form of two
multilayer Printed Circuit Boards (PCB) merged together and it occupies an area of nearly 170
cm2. This thesis describes the design, construction, and testing of the module, along with
recommendations for future revisions.

A commercially off-the-shelf module (Arena series by Tomorrow.io, formerly Remote Sensing
Solutions) is the digital backend and it consists of an Arbitrary Waveform Generator (AWG) and
a data acquisition system capable of sampling up to 250 MSPS. The module is low-profile with
dimensions of 7.6 cm x 19.3 cm x 2.3 cm and weighs less than 400 g including the separate
aluminum enclosure intended to be integrated with the radar’s RF and mixed-signal sections.

A second contribution of this work is the design of a prototype antenna front-end, which consists
of four four-element antenna arrays housed in a Delrin plastic fixture and are fed using custom-
designed microstrip power dividers. The dimensions of the fixture are 13.7 cm x 5.9 cm x 5.5 cm
and the uniform elemental distance is 2.5 cm. The arrays are fastened to a metal sheet and a custom-
designed four-layer fiberglass composite fairing protects the arrays. The entire front-end is
integrated on the rotorcraft and measured in an anechoic chamber. The measured, fully integrated
return loss of each array covers 2 — 18 GHz and the highest value is -7.22 dB at 5.23 GHz. The
radiation pattern shows a distinct nadir-pointing main lobe for nearly the entire bandwidth,
however the effects of the platform increase the average side-lobe levels to less than 10 dB for 12
— 18 GHz. The measured maximum nadir gain is 15.88 dB at 10 GHz and there is a greater than 6
dB variation in magnitude within the bandwidth. This variation is compensated by processing the

backscatter data over distinct sub-bands that have a maximum nadir gain variation of 6 dB.



Lastly, the thesis describes two system tests conducted to evaluate the effectiveness of a prototype
radar with soil as the target. These are proof-of-concept measurements to detect differences in
backscatter signatures between dry and wet soil. Gravimetric measurements of collected soil
samples indicate an average change of 9.5% between the two moisture states. The antenna front-
end is exclusively characterized using a Vector Network Analyzer and measurements are recorded
for both co- and cross-polarization at three look angles of nadir, 15°, and 30°. The relative
measurements are repeated on the same patch of land with a 1U version of the miniaturized radar.
There are distinct differences in relative received power and backscatter profile for all four
polarizations and at each look angle. It is observed that vertical polarization indicates a change in
moisture content by an increase in the relative received power over an extended range beyond the
primary backscatter signal. The horizontal polarization results in a greater peak received power for
the primary backscatter signal, relative to the vertical polarization. The degradation in backscatter
profile for vertical polarization is higher than horizontal polarization as a function of angle and

this is observed for both dry and wet soil.
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1 Introduction

The thesis discusses the design of an ultra-wideband radar system for integration on an
Unmanned Aerial System (UAS). The radar operates over 2 — 18 GHz and the architecture is
Frequency Modulated Continuous Wave (FMCW). The radar is intended to function primarily as
a scatterometer to record surface backscatter signatures from extended targets like soil and snow.
The penetration into the surface is minimum and is on the order of several centimeters. Hence, the
system can, in principle, also operate as a nadir-looking sounder for thin snow cover.

The design requirements for an UAS emphasizes the concept of miniaturization. Radars
are typically large, heavy, and consume a significant amount of power. Hence, examples of remote
sensing radars adapted to low-profile aerial platforms like UAS and CubeSats are not common.
The inverse relationship between frequency and wavelength results in challenges for antenna
designs in limited space. Ultra-wideband antennas typically have a percentage bandwidth on the
order of 100% and such designs require a lot of space and weight, both of which are expensive on
an UAS.

The most relevant contributions of this thesis are listed below:

1. Development of a compact RF system that includes all the relevant circuitry
(biasing, transmitter, receiver, and intermediate) in a compact two-board design that replaces the
old rack-mount system used in previous renditions. It also shows a pathway toward its integration
into a small enclosure with digital and power subsystems.

2. Development of an antenna front-end suitable for the Vapor 55. This includes feed

networks, isolation structures, and a fairing made of composite material.



3. Proof-of-concept measurements of soil backscatter at discrete frequency sub-bands
to assess the feasibility of identifying moisture signatures using a radar mock-up and the antenna

front-end.

1.1 Motivation

An overwhelming trend in systems development over the last several years is the reduction
of size, weight, and power. Advancement in material design, semiconductor technology, and signal
processing techniques have allowed electrical systems to gradually shrink in size and weight. The
transistor technology has progressively improved over the decades and GaN-based high-electron
mobility transistors (HEMTS) can be operated at a higher frequency, power, and temperature
conditions than the silicon versions [1]. Fundamental components of active phased array radars
like Transmit/Receive (T/R) modules use GaN HEMTSs and operation in X-band with a maximum
Radio Frequency (RF) power of 1 kW and moderate efficiencies has been reported [2].

The semiconductor evolution has enabled advanced packaging and miniaturization for a
wide variety of applications like Internet of things (10T) [3] measurement and characterization [4]
and remote sensing from CubeSat platforms [5]. In 2019, the National Aeronautics and Space
Administration (NASA) and the Jet Propulsion Laboratory (JPL) expressed a strategic intent to
emphasize nine areas of technologies for Earth science and inter-planetary exploration [6]. Three
of the nine areas are autonomous systems, miniaturized systems, and instruments and sensors. The
current challenges for sensor performance can be addressed by focusing on instruments such as
direct detectors and optics, coherent detectors and arrays, and active sensor systems.

UAS have exploded in popularity in the last decade. This is due to an increase in

accessibility, availability of cost effective materials, and the capability to provide flexible and



controlled flight operation. These assets are highly favorable for remote sensing applications [7].
UAS-based measurements have been performed for archaeology [8], forestry [9], and water
resource management [10]. Typically, instruments such as LIDARs, multi-spectral cameras, and
infrared cameras are used as payloads due to the limited availability of space and weight.

The advantage of remote sensing over in situ measurements is the repeated and large
temporal and spatial coverage [11]. This feature is vital for accurately mapping natural topography
like ice sheets, soil, and vegetation. The Earth’s ice cover has a significant impact on the global
climate by reflecting a large portion of the solar radiation and having an effect on the global sea-
levels [12]. Over the years, observations made using remote sensing instruments in the Arctic and
Antarctic have indicated that the changes in polar ice are directly connected to the global climate
system [13]. It is paramount to continue these polar measurements to better our understanding of
climate change and in turn assess the effects on the biosphere.

Soil is one of the key elements in the Earth’s hydrological cycle and plays a pivotal role in
the ecological processes. The moisture content in the topsoil influences the weather and climate of
a region [14]. Extensive temporal soil moisture data from across the planet can assist in predicting
natural disasters like droughts, floods, and landslides [15]. Additionally, it is capable of
augmenting strategies for agriculture, construction, and water resource management. Therefore,
measuring soil moisture with the required resolution and accuracy can influence meteorology,
disaster management, policy making, and economic decisions.

Radars are capable of operating under most weather conditions since microwaves can penetrate
through clouds and rainfall and do not require an external source of illumination. Electromagnetic
(EM) waves of longer wavelength are able to penetrate through targets like ice and vegetation.

Hence, shorter wavelengths are typically used to gather information from the surface features like



soil and snow, while the longer wavelengths are used for sub-surface sounding [16]. A significant
reason for the use of microwaves, as opposed to other wavelengths of light, is that the information
obtained about the target is physically different. Microwave scattering is caused due to a
combination of electrical (bulk-dielectric) and geometric (roughness) properties [17]. By
customizing the characteristics of a radar, it is possible to infer both properties and derive unique
insight into the target. Moreover, the information obtained through radars in the microwave region

are complimentary to other instruments operating in the visible and infrared region.

1.2 Thesis Overview

This thesis is organized in six chapters. The introductory chapter first provides some

background information regarding the relevancy and motivation.
Chapter 2 provides additional technical background on the type of radar and antenna described in
this work. The general theoretical framework is provided as a prelude to the subject matter of this
work. A brief summary of the features of the Vapor 55 UAS and its suitability are also discussed
in this chapter.

Chapter 3 provides an overview of the radar system. First, the required specifications of
the radar for performing scatterometer measurements from a UAS on extended targets is discussed.
A link budget is then computed to assess the signal power requirements and the power levels of
the expected returns for various types of soil. Backscatter data from literature is used as reference
to estimate the values for the radar. Next, the full system design is discussed in detail by dividing
into four sub-sections: digital, RF, mixed-signal, and power. The complexity of the RF and mixed-

signal sections indicate the difficulty in miniaturizing an UWB system. Lastly, the integrated



system-level test is discussed as a means of experimentally validating the radar’s functionality and
performance.

Chapter 4 examines the antenna front-end design. The design requirements and challenges
include both electrical and physical considerations. The antenna design is progressively discussed
starting from a single element, array, feed network, to integrated measurements. The crucial
antenna parameters for performing polarimetric scatterometer measurements are discussed at each
design stage. It is useful to note the changes in antenna performance as the complexity towards the
full setup increases. The final measurement is performed by integrating the entire front-end to the
rotorcraft in an anechoic chamber.

Chapter 5 analyzes two full system tests. The performance of the antenna with a distributed
target like soil is first tested with a Vector Network Analyzer (VNA). The calibrated cables and
VNA allow the tests to show the exclusive performance of the front-end. It provides a reference
for the next test, which is testing the antenna front-end with a radar. In this work, a rack-mount
version of the miniaturized radar is used to test the same area of soil. These two tests are proof-of-
concept measurements to establish a difference between the dry and wet soil backscatter. Sub-
band processing is also discussed and how it can assist in discerning wet soil target returns.

Chapter 6 summarizes the work and highlights key results. Future plans for the system and

recommendations for improving system are also discussed in this chapter.



2 Background

This section is intended to provide some basic background on the relevant topics discussed in
this work. Several salient features are discussed in a theoretical manner. In the first sub-section,
the basics of Frequency Modulated Continuous Wave (FMCW) radar are discussed. This is the
design architecture of the radar system described in this work. The performance and capability of
the radar are directly dependent on these specifications.

In sub-section 2.2, the fundamentals of polarimetric scatterometer are stated. This is a type of
mode in which a radar may be operated to discern specific characteristics of the target. Polarimetry
is explained mathematically to show how this technique is useful in performing surface backscatter
measurements for extended targets like soil.

Sub-section 2.3 details the basics of microstrip antennas. The general operating principle is
explained based on a circular microstrip patch antenna and vital performance parameters are
discussed. In this thesis, the antenna is a circular microstrip patch antenna and multiple are grouped
together to form an antenna array.

Section 2.4 lists the specifications of the Vapor 55 UAS. The radar system is tailored

specifically for this vehicle and hence some background is necessary.

2.1 Overview of the FMCW radar architecture

Radars transmit a modulated waveform that scatters in all directions as it impinges on a
target. The backscatter from the target is received and digitized after demodulation. The target
characteristics like range and velocity are inferred from the received baseband signal. A commonly
used architecture is the FMCW scheme. The waveform design is based on the pulse compression

concept of achieving signal strength by transmitting a long-duration pulse that has a bandwidth



corresponding to that of a short-duration pulse. One of the primary advantages of this architecture
is that it allows for operation over a very wide bandwidth (multiple Gigahertz), while keeping the
requirements for data acquisition system (bandwidth and sample and rate) at a moderate level.
However, challenges are presented in the form of stretch processing and range side-lobes. Figure

2-1 shows a high-level block diagram of an FMCW radar.

| Digital Backend E Radio Frequency Frontend

Arbitrary Waveform Phase-Locked Loop Transmit Chain Transmit Antenna
Generator
Data Acquisition Receive Chain Receive Antenna
System

! |

Figure 2-1: High-level block diagram of a Frequency Modulated Continubus Wave (FMCW) radar

An Arbitrary Waveform Generator (AWG) produces a reference signal that is typically three
orders of magnitude lower than the carrier frequency of the radar. This reference signal is used in
a negative feedback loop to produce the carrier frequency such that the phase is locked to the
reference. Therefore, a high quality digital system and Phase-Locked Loop (PLL) are required to
ensure the linearity of the frequency modulated or chirp signal. The instability of the chirp signal
can result in undesirable frequency sidebands in the demodulated Intermediate Frequency (IF)
signal. A linearization method using a PLL and an external compensation signal to reduce the loop
tracking error can be used to solve this issue [18]. Other techniques are currently available to
produce ultra-wideband chirps, but they tend to be more complex and power hungry [19].

The chirp signal produced at the output of the PLL is filtered and amplified in the RF transmit
chain and radiated by the antenna. A copy of the transmit signal is used to mix-down the received
chirp signal to produce the IF signal and this process is known as de-chirping. The baseband signal

is digitized on the Data Acquisition System (DAQ) and a clock source synchronizes the timing



between the various sub-systems. Figure 2-2 shows a representation of the transmit and receive
chirp signals along with an example waveform. The bandwidth of the chirp signal is denoted as B,
the pulse length is t, the beat frequency is fb, and the two-way propagation time is T. In a
Continuous Wave (CW) radar, the second transmit signal starts at t2 and correspondingly the
second receive signal starts at t2 + T. Therefore, the pulse length is equal to the Pulse Repetition

Interval (PRI). The duty cycle, D is given by:

D = t(PRF) (1.1)

The Pulse Repetition Frequency (PRF) is the inverse of the PRI and hence, for a CW radar
the duty cycle is 100%. Pulsed Frequency Modulated (FM) radars may have a duty cycle ranging

from 1% to 40%. The chirp rate is equal to the slope of the line and is given by:

B (1.2)
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Figure 2-2: Cartesian representation of transmit (red) and receive (green) FMCW signals

The chirp rate of the received signal is equal to the transmit signal and is received after a

period, T. For a Pulsed FM radar, B is larger than 1/z. If the range to the target is R and the speed



of light is c, then the round-trip travel time, T and the corresponding beat frequency, fb are given

by:

2R :
po R (13)

fo = kT = ? 4

The received signal is passed through a matched filter to maximize the Signal-to-Noise
Ratio (SNR) and this results in a compression of the pulse length from 1 to tp. This process is often
termed as pulse compression and it is quantified by the compression ratio. The frequency
resolution of the beat signal is the inverse of the repetition period and therefore the range
resolution, AR is solely dependent on the bandwidth of the signal. Equation (1.5) shows the
relationship below. As the signal bandwidth is increased, the range resolution of the radar gets
finer. This is particularly important for extended or distributed targets as the information can be
gathered with greater detail. A pulse with a bandwidth of 15 GHz results in one centimeter

resolution.

AR =— (1.5)
The range resolution corresponds to the half-power width of the output of the matched
filter. It is defined as the minimum distance between two point targets that can be successfully
detected by the radar as distinct targets. The resolution can be degraded by several factors such as
windowing of the waveform, longer range delay relative to pulse duration, chirp nonlinearities,
etc.
The linear frequency modulated waveform is dependent on the starting frequency f1, chirp

rate k, and starting phase ¢1. The mathematical expression for the waveform is shown below and

an example of the waveform is shown in Figure 2-2.
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kt? (1.6)
s(t) = Acos <2TL’ (fct + T) + (p1>

for0<t<rt

2.2 Overview of a polarimetric scatterometer

Consider a transmitted plane wave with electric field E* = %;Ef + h.Ef incident on a
scattering target. The electric (bulk-dielectric) and geometric (roughness) properties of the target
scatter the electric field Et in both directions ¥; and h,. Let the received electric field of the
backscattered plane wave be E" = %, E% + h,E]. According to the Backscatter Alignment (BSA)

Convention, the fields E* and E" are related by:

e—ijr 17
= () @
r

S S
where, § = ( v ”h)
Shv Shh

S is the scattering matrix of the target in accordance with the BSA convention and S, is
the scattering amplitude where p, g =v or h. (e‘f"Rr/Rr) is the spherical propagation factor where
k is the wave number and R, is the range to the target.

S, corresponds to the scattering amplitude of the target when vertically polarized transmit
and receive antennas are used. There are a total of four possible combinations for both polarizations
and S accounts for the four scattering amplitudes. Each element in the matrix is a complex number
and hence has amplitude and phase information. A radar polarimeter typically transmits in one
polarization and receives the echoes on both orthogonal polarizations simultaneously. The process
is repeated for the other transmit polarization and then alternated to continuously update the

scattering matrix.
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Each component of § is a function of the incident and scattering angles and for any

polarization combination pq,
Spq = Spq (6, 91 65,0565, 0;)  p.gq=vorh (18)

where, (8;, @;) are the incident angles, (05, @) are the scattering angles, and (8;, ¢;) are
the orientation angles of the target. Therefore, for each observation or look angle, four separate
data points are obtained. By measuring all four polarization combinations for various look angles,
a large sample space of measurements can be collected. However, polarimetry requires additional
corrections through calibration for amplitudes and relative phases between the channels. This is a
necessary but time-consuming process.

For a distributed target that consists of a large number of resolution cells N, the reflectivity

opq1s given by,

NC
o (L.9)
qu_mzlqu|
€i=1
V) 1.10
=iy pa=vor —

where, A is the area of the resolution cell and S{,q is the polarimetric scattering amplitude
for each cell. Each polarization mode carries different information regarding the target and the
combination of all four images provides insight on various constituents of the target. Both the
amplitudes and the relative phases between each mode carry information about the target.
Scatterometers measure the radar cross section of a distributed target by capturing surface or
volume backscatter.

The scattering matrix § wholly characterizes the scattering properties of the target.

Consequently, the axial ratio in both orthogonal directions may be computed using the four
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scattering amplitudes. Therefore, any combination of linear, elliptical, or circular polarization

response of the target can be generated from S.

2.3 Overview of microstrip antennas

Antennas radiate EM waves when the physical length is a specific multiple of the operating
wavelength and the input impedance is matched to a transmission line over the specified
bandwidth. Microstrip antennas are composed of the primary radiator, feed line, ground plane, and
a dielectric substrate. The dielectric constant for the substrates are typically in the range of 2.2 <

€, < 12 and thick substrates with low dielectric constant are favorable for antennas.

L

Primaryradiating structure «<——
Fringing electricfields

Dielectricsubstrate <—
e_

Ground Plane

Figure 2-3: Picture of a model showing the mechanism for radiation in a microstrip antenna

The electric fields in a microstrip antenna exist between the primary radiating structure and
the ground plane as shown in Figure 2-3. The finite length L of the radiating structure causes the
electric fields to fringe at the edges. These fringing fields are primarily responsible for antenna
radiation. The amount of fringing is a function of the dimensions of the patch and the height of the
substrate h. Because of the fringing effects, the microstrip antenna looks electrically larger than
the physical dimensions. For the dominant TMo10 mode, the resonant frequency is a function of
length is given by,

(fr)o1o = # (1.11)

where, c is the speed of light in free space. To include the fringing edge effects, the g-factor

or fringe factor must be incorporated in the above equation. If the edge effects change the electrical
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length by AL and the effective permittivity is €., then the resonant frequency with fringing

effects is given by,

: C (1.12)
(ﬁ’c)OlO Z(L + AL)\/?ff
_ Giodono -
q (f)o1o

These results are based on a transmission line model for a rectangular patch. If instead the
antenna is designed with a circular patch, the resonant frequency is dependent on the radius of the
patch a and relative permittivity of the substrate. The following equations use a cavity model and
show the relationship for the resonant frequency with and without fringing respectively for the

dominant TM110 mode,

 (1.8412)c (1.14)
(fr)110 = nave.

1.8412 )
(frc)no = ( )C (1 15)

2mae,[€cry

where, a. is the effective radius and e.s, is the effective relative permittivity of the
substrate with fringing effects. The value 1.8412 in the numerator arises when solving for the fields
within the cavity using the vector potential approach. The constraint equation for the magnetic
vector potential A, is solved using the Bessel function of the first kind for an order m. y,,»
represents the zeroes of the derivative of the Bessel function J,,(x) and the first value y;; =
1.8412.

The input impedance of the antenna is the ratio of the voltage to current or the ratio of the
appropriate components of the electric to magnetic fields at the input terminal. It is defined as,

Z4 = R4 +jX4 (1.16)
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where, Z{, is the input antenna impedance, R, is the input antenna resistance, and X7, is
the input antenna reactance. The resistive part is the sum of the radiation resistance and the loss
resistance of the antenna. The input impedance of the antenna is a crucial parameter as it indicates
how much power is delivered to the antenna from the source. For maximum power transfer, the
input impedance of an antenna must be a complex conjugate of the source impedance.

If the impedance between two homogenous dielectric media is different, then the EM wave
undergoes reflection at the discontinuity. At the input terminal of the antenna, the discontinuity
causes the incoming EM wave to reflect back towards the source and the forward propagating
wave is radiated. The reflection coefficient is defined as,

Z4 — 7, (1.17)
1l = 32—
i+ Z,

Typically, the reflection coefficient is analyzed in terms of Return Loss (RL), which is the
ratio of the power of the reflected wave to the incident wave at the discontinuity interface. The
expression is,

P~ 1.18
RL (4B) = ~2010gy0 (57) = ~2010g3 (11 (19

The magnitude of RL is always positive since it is defined relative to the incident wave
power, however it is conventionally expressed with a negative sign. This is done to signify the
undesirable power that returns to the source and it is termed as loss since it is power that is not
delivered to the antenna.

The fields within the circular cavity are calculated using the vector potential approach.
From the homogenous wave equation in cylindrical coordinates, it can be shown that for TM*

modes, the electric and magnetic fields are related to the vector potential A,. The fields radiated
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by the circular patch can be found using Field Equivalence Principle (Huygens’s Principle). The
fields in the principal planes are,
E-plane: ¢ =0°, 180°; 0°< 6 <90°

koaVoeikor (1.19)
Eg 21%[/02]

Jo2 = Jo(koae sin @) — J,(kya, sin 0)

E,=0
¢ (1.20)
H-plane: ¢ =90°, 270°; 0°< 6 <90°
Eg=0 (1.21)
koa,Vye /KT (1.22)
Eo,=] % [cos 6 Jo.]

Joz = Jo(koa, sin0) + J,(kya, sin 9)
where, k, is the wavenumber, a, is the effective radius, and V, = hE,J,(ka,) at a zero
degree azimuthal angle along the perimeter of the patch. The radiated field equations are used to
calculate the radiated power P,.,; and using the conductance G, .4, the directivity at 6 = 0° can be

expressed as,

D. — (koae)? (1.23)
0 1206, 44
The gain of an antenna relates the directivity D, and radiation efficiency &; as,

(koa.)? (1.24)

G = Dogn = —2¢
%R = 120G, 0q

The power accepted by the antenna at the feed point is practically not equal to the power

radiated due to conductor and dielectric losses in the antenna material. The radiation efficiency is
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a measure of both losses. The total efficiency &, combines radiation efficiency and impedance
mismatch losses M, :
er = Mpeg = (1 = |in]?)eg (1.25)
The absolute gain or realized gain of an antenna is expressed as:
Gr = Doér (1.26)
Therefore, the gain of an antenna can be increased by improving the impedance match at
the feed, using low-loss materials for higher efficiency, and increasing directivity. Multiple
antennas can be grouped together to form an array and the equivalent directivity is larger than the
single antenna. The number of elements and the distance between the elements of an array are the
important characteristics.
Consider N identical antenna elements arranged in a linear array and the distance between
each element is d. All elements have uniform, identical magnitude and the phase between each

element progressively changes by . The array factor is given by,

N (1.27)
AF = z o (=1
n=1
where, ¥ = kd cos 6 + 8 (1.28)

The total field of the array can be computed by multiplying the array factor with the field
of a single element. This is valid only if the antenna elements are identical.

When N radiators are physically placed close to each other at a distance d, there is some
leakage from one element to the other within the array and this is known as mutual coupling. It is
undesirable due to the increase in mismatch losses as the signal is radiated from one element and
received on the other. Therefore, the distance between the elements is a compromise between the

required radiation shape and the mutual coupling.
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2.4 Overview of the Vapor 55 UAS

The Vapor 55 rotorcraft is an all-electric UAS by AeroVironment™ (formerly by Pulse
Aerospace) and a picture is shown in Figure 2-4 [20]. It uses a high energy density lithium-polymer
battery that integrates into a modular payload bay or tray. The vehicle dimensions are 2.56 m x
0.67 m x 0.58 m and the maximum operating altitude is 3,657 m. For a maximum payload weight
of 4.5 kg it is capable of 60 minutes of flight time on a single battery charge. The rotorcraft has
on-board Global Positioning System (GPS) and three optional data links to downlink the payload
data during flight. It is capable of autonomous flight by planning waypoints and the range is 8 km.
The UAS has a compact design and this enables it to easily take-off and land on various terrain.
The wide stance landing gear ensures stable landings even on rough surfaces. The payload tray is
customizable and can accommodate various instruments like hyperspectral sensors and LIDARS.
A significant part of the body is made of carbon fiber composite material to withstand the
vibrational stresses.

The features of the Vapor 55 rotorcraft are highly suitable for remote sensing applications.
The rugged build quality of the UAS makes it suitable for harsh environments and remote
locations. It has a ground speed limit of 10 m/s and can withstand gusts of up to 37 km/h. The
stable and precision flight enable close-range, high resolution measurements. High-speed data

links can downlink the recorded data for external storage without interrupting the science mission.

‘n"a:\‘

I NAPORSS

Figure 2-4: Picture of the Vapor 55 rotorcraft
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3 Radar System
3.1 System Specifications

Soil moisture detection using radars has largely been performed at frequencies below the
X-band [21] and typically measurements are performed at distinct frequency bands with fractional
bandwidths of 30% or less [22 - 26]. For instance, in [22] the fractional bandwidth at the lowest
operational frequency is 25%. This can be a limiting factor since different backscatter signatures
are presented over a range of different sub-bands. New information about the same target can be
interpreted over each sub-band. Hence, a large sample of measurements over unique sub-bands
help in discerning the target characteristics accurately.

These crucial points served as the primary motivation for designing an ultra-wideband
(UWB) radar system, specifically over the 2-18 GHz frequency range. The large fractional
bandwidth of 160% offers a much finer spatial resolution and hence obtain moisture information
in greater detail. Additionally, the chosen bandwidth enables the opportunity to explore soil
moisture signatures at X- and Ku-bands. Such a system also has application in sounding snow
cover, snow layers, and fresh water ice on lakes [27-30].

The system architecture is based on the Snow radar [30]. However, this system is primarily
used on manned airborne platforms like the Lockheed P-3 Orion and the Douglas DC-8. In other
words, the size of the system electronics is comparable to a single unit in a commercial avionics
rack, which is too large to integrate on to a UAS rotorcraft. Hence, one of the primary challenges
is incorporating a miniaturized version of the UWB system. Several iterations have been attempted
to reduce the SWaP of the Snow Radar at CReSIS [31, 32] and similar systems at other

organizations [33 - 36]. However, they are not small enough for a platform such as the Vapor 55.
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The limiting factors for the radar design can be viewed through three important parameters:
size, weight, and power. The rotorcraft has a cavity below the main body, called the payload tray,
which houses the batteries required for flight. The batteries occupy nearly three-quarters of the
tray space and the remaining area is the only available space for the radar system. Shrinking the
total volume of the Snow radar system into this small space is the most challenging aspect of
miniaturization. Further, the UAS is capable of carrying a maximum payload of 5 kg (11 1bs.),
which must include the electronics, cables, and the entire RF front-end. Finally, the UAS’ batteries
will provide the electrical power for the radar. This means that a dedicated power module must be
designed to convert the unregulated DC voltage into a regulated supply.

In summary, the system specifications and requirements are as follows:

1. Design a radar system that operates in scatterometer mode for measuring surface
soil moisture and alternatively snow thickness

2. Design an UWB system that operates in the 2 to 18 GHz frequency range for wide
spectral coverage

3. Miniaturize the Snow radar by focusing on the size, weight, and power
requirements of the helicopter

4. Capable of operating at a maximum altitude of 93.75 m (307.58 feet)

3.2 Link Budget

One of the fundamental features of a radar transmitter is the power-aperture product. It
characterizes the range by considering the average radiated power and the antenna aperture area.
This typically sets the upper limit of one operating mode while the lower limit of the receiver is

characterized by the sensitivity. This is set by the Minimum Detectable Signal (MDS).
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The radar range equation for extended targets is given by:

_ PGG,2*0°A (2.1)
" (4m3)R*

where, B. is the received signal power, P; is the transmitted signal power, G; is the gain of
the transmitting antenna, G, is the gain of the receiving antenna, A is the operating wavelength, a°
is the backscattering coefficient of the target, A is the surface area of the target illuminated by the
antenna, and R is the range of the radar from the target

It must be noted that the above equation does not account for the losses within the system
itself since this link budget analysis is only intended to serve as a basic frame of reference. A
nominal transmitting power of 0 dBm (1 mW) will be used for computations. This is the intended
transmit power for backscatter measurements, however the maximum transmit power is 20 dBm
(100 mW). For the sake of simplicity, the gain of a standard wideband horn antenna is used for
both the transmitter and receiver [37]. The surface area illuminated by the antenna beam is
computed through simple geometry, using the antenna beamwidth and altitude. Finally, the
received signal power is computed for two extreme cases, a range of 50 and 307.58 feet. The
minimum altitude is limited by the maximum signal power that can be received, which is dictated
by the saturation level of the ADC. The maximum altitude is restricted to 400 feet by the Federal
Aviation Administration (FAA) under rule 14 CFR Part 107.

The backscattering coefficient describes the surface features of the target. In the case of
soil, this factor contains information regarding the surface roughness and moisture content but is
dependent on the angle of incidence, surface slope, and polarization of the wave. Additionally, it
is also dependent on the type of soil and if any vegetation is present. The inter-dependency between

these various factors make it very difficult to absolutely determine the moisture content of the soil.



21

For the case of the link budget analysis, the scattering coefficient data from [38] will be used to
compute the approximate received signal power.

Ulaby et al. report the scattering coefficients for HH polarization, five types of surface
roughness, two moisture states, three distinct frequencies, viz., 1.1, 4.25, and 7.25 GHz and across
seven angles of incidence. To simplify the data for the purpose of this analysis, only the lowest
and highest surface roughness, that is 1.1 cm and 4.1 cm, will be considered with the two moisture
states. This results in four distinct soil types. The angle of incidence will also be restricted to only
the nadir measurement. Figure 3-1 and Figure 3-2 show the possible received powers for these four
soil types at 50 and 307.58 feet respectively.

As the authors state, the backscattering coefficient has a higher dependence on the surface
roughness than moisture content, which is also evident from the plots. The difference in received
power between smooth and rough surfaces for each moisture state and vice-versa, at an altitude of
50 feet, is tabulated in Table 3-1. It must be noted that the received power difference between the
states is the same for both altitudes. Clearly, there is a larger difference for the same moisture
content, that is, when the roughness changes from smooth to rough. However, there is also a
significant variation among all combinations of differences and this sheds more light on the inter-
dependency of multiple factors on the backscattering coefficient. Hence, it is paramount to obtain
a large sample space of data for different angles of incidence and polarization, so that an empirical

approach can be taken in interpreting the soil moisture content.
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Figure 3-1: Radar link budget at an altitude of 50 feet for four types of soil and antenna pointed at nadir
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Figure 3-2: Radar link budget at an altitude of 307.58 feet for four types of soil and antenna pointed at nadir

Table 3-1: Differences in received powers between each soil state at distinct frequencies for an altitude of 50 feet

Difference in received power
Soil State
11GHz | 425GHz | 7.25 GHz
Low moisture 13.5dB 14.5dB 12dB
High moisture 19.5dB 20dB 12.5dB
Smooth surface 10dB 12.5dB 5.5dB
Rough surface 4 dB 7dB 5dB
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The link budget, in terms of the dynamic range of the radar receiver, is characterized only
by the highest and lowest expected received signal power. From Figure 3-1 and Figure 3-2, the soil
with high moisture content and smooth surface, at 1.1 GHz, results in -34.97 dBm of power at 50
feet and -50.75 dBm at 307.58 feet. On the other hand, low moisture content and rough surface at
7.25 GHz, results in -76.98 dBm at 50 feet and -92.76 dBm at 307.58 feet. For this specific case,
the receiver must be able to boost the signal at -92.76 dBm above the noise floor but not allow the
-34.97 dBm to saturate the ADC. For instance, if an ADC has a dynamic range from -65 dBm to
+10 dBm, a total receiver gain of 37.76 dB would ensure that all signals are successfully sampled
at the ADC for all four soil conditions.

The dataset reported in [38] is expansive with several parameters varied independently.
This helps in ascertaining the exact requirements for the radar’s RF section. However, the only
limitation with this dataset is that the maximum operating frequency is 7.25 GHz, while the radar
is intended to function over 2 to 18 GHz. In the paper, the backscattering coefficient is shown for
moisture levels ranging from 0.03 g/cm? (dry) to 0.4 g/cm?® and rms height of 1.1 cm (smooth) to
4.1 cm (rough). Over incidence angles from 0 to 30 degrees and frequencies 1.1 to 7.25 GHz, the
scattering coefficient varies from -30 dB to +22 dB.

Figure 3-3 shows the link budget for 50 and 307.58 feet across the entire 2 to 18 GHz
bandwidth, computed without the backscattering coefficient. The lowest received power is at 18
GHz and 307.58 feet altitude and the value is expected to be around -93.73 dBm. If the radar has
a MDS of -103 dBm, then the worst backscattering coefficient that can be received is -9.27 dB.
From [38], this restricts measurements to less than 10° look angle for frequencies less than 4.25
GHz at the lowest moisture (0.03 to 0.09 g/cm?®) and highest moisture (0.34 to 0.4 g/cm?®). As the

frequency increases to 7.25 GHz, the possible incidence angles increases to 25°. Therefore, for
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moisture levels between 0.09 and 0.34 g/cm?, the radar return can be successfully received for

angles of incidence up to 30 degrees.
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Figure 3-3: Expected received power at an altitude of 50 and 307.58 feet without the backscattering coefficient

In [39], measurements are preformed using waveguide transmission system from 1.4 to 6
GHz and using free-space transmission system from 4 — 18 GHz. Other variables include type of
soil, moisture content, sample thickness, and temperature. The results show the variation of real
and imaginary part of the dielectric constant of soil across 1.4 to 18 GHz. For low moisture content
of less than 0.079 cm® cm3, the dielectric constant is nearly constant for the entire frequency band.
For high moisture content of 0.374 cm® cm®, the real part varies by a factor of approximately 10
and the imaginary part by nearly 5. The measured total dielectric constant for two fields of
volumetric wetness of 0.079 cm® cm® and 0.36 cm® cm, changes by factors of 4 and 6
respectively. The maximum change in dielectric constant causes a 12.53% change in reflection
coefficient within the band. Therefore, this is proportional to the maximum change in relative
received power within the band. Since the backscattering coefficient for specific cases do not
change drastically, the typical values used in both papers can be used as reference for 2 — 18 GHz.

Amplifying low received powers can be challenging as in some cases, the total receiver

gain may need to boost the signal by 50 or 60 dB. An easy way to deal with this is by distributing
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the gain stages over multiple sections and particularly after frequency translation. The lower
Intermediate Frequency (IF) band, relative to the carrier band, makes it easier to design high-gain
stages. However, it is crucial to find the right balance of amplifiers in the receiver chain to ensure

stability.

3.3 System design

The high-level block diagram of the radar system is shown in Figure 3-4 and a list of the
system parameters is shown in Table 3-2. Since this system is based on the Snow Radar and is
miniaturized for a UAS helicopter, this radar system is referred to as the Helo-Snow Radar. It can

be divided into four primary sections:

=

Digital section

N

Radio Frequency (RF) section

L

Mixed signal section

4. Power section
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Figure 3-4: High-level block diagram of the radar system

The digital section consists of the Arena module, on-board computer, clock distribution
system, and Global Positioning System (GPS) receiver. The Arbitrary Waveform Generator
(AWG) in the Arena module generates a nearly ideal reference chirp waveform for the Phase
Locked Loop (PLL). The clock distribution system provides a stable and phase coherent clock
signal to synchronize the waveform generator and the Data Acquisition System (DAQ). The GPS
receiver provides time stamps and geotags for the acquired data. The on-board computer runs the
Arena module’s software and directs the incoming data onto a storage disk.

The RF section is the central part of the radar and it consists of the chirp generator,
transmitter chain, and receiver chain. The chirp generation stage produces the 2-18 GHz chirp,
synchronously with the PLL. The transmitter chain conditions the signal using several
combinations of gain equalizers and amplifiers. The receiver section amplifies and mixes down
the frequency of the received signal. This entire section is designed on a single PCB and will be

referred to as the RF Board (RFB)
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Table 3-2: Miniaturized Radar Specifications

Radar System Parameters Value
Frequency Range 2-18 GHz
Bandwidth 16 GHz
Delay-line Range Resolution (with windowing) 1.45cm
Peak Transmit Power 1 mW (100 mW max.)
Chirp Duration 200 ps
Pulse Repetition Frequency 2 kHz
Analog-to-Digital Converter Sampling Rate 100 MSPS
Analog-to-Digital Converter Resolution 16 bits
Number of Channels 2 Tx. And 2 Rx.
Flight Altitude 50 — 307.58 feet

The mixed signal section is comprised of the PLL, Intermediate Frequency (IF) section of
the receiver, and various biasing circuitry that control components in the RF section. The PLL
ensures linearity and stability of the generated RF chirp waveform by comparing it with the ideal
digital chirp waveform and correcting for errors. The IF section of the receiver, filters and
amplifies the mixed-down received signal. The Analog-to-Digital Converter (ADC) then digitizes
the IF signal and stores on the external hard disk. The biasing circuitry provides the correct
sequence of DC voltages to switch-on the components in the RF section. This entire section is
designed on a single Printed Circuit Board (PCB) and will be referred to as the Low-speed Board
(LSB) or Mixed-signal Board (MSB).

The power section provides stable and regulated DC voltages to all components in the radar
system. The battery pack of the UAS is the main source of power, which is then converted and

regulated into different voltages required for the system.
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The system’s electronics (all four sections) will be enclosed in an Aluminum chassis with
overall dimensions of 23.88 cm x 19.56 cm x 8.64 cm (9.4” x 7.7 x 3.4”) installed just aft of the
battery carriage. The chassis is vertically divided into two floors. The bottom floor comprises of
the power section, Arena module, GPS receiver, and clock distribution system. The top floor
contains the mixed signal and RF sections and the disk storage. The on-board computer is

integrated external to the enclosure on the topside of the chassis.

3.3.1 Digital Section

The digital section of the radar consists of the following sub-systems: Arena module,
Mintbox computer, Clock board, and GPS board. The digital backend is a combination of various
levels of execution. The Arena module is wholly designed and manufactured by a company with
extensive research and development while the Mintbox is a Commercial off-the-shelf (COTS)
component. The Clock Board is a custom in-house design but professionally fabricated and
carefully assembled in-house. The GPS board is wholly designed, fabricated, and assembled in-
house. Therefore, it is important to ensure signal integrity across these various types of components
for accurate operation.

3.3.1.1 Arena Module

The Arena module, designed and manufactured by Remote Sensing Solutions (RSS), is a
reconfigurable and modular solution for the digital backend of radars, sonars, and radiometers
[40]. It features an arbitrary waveform generator, multi-channel digital receiver, timing and control
signal generation and reception, data acquisition and distribution, and supports various signal
processing techniques. Most of these hardware components are modular by design, in the form of
mezzanine cards. The architecture of the entire module allows synchronous control of the

hardware, firmware, and software layers through eXtensible Markup Language (XML) objects.
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The small form factor of the module facilitates the miniaturization of the radar system and the
plug-and-play solution simplifies integration and operation.

The Series 300 Arena module is used as the digital back-end for the radar. A dual-core
Arm Cortex-A9 processor with a 1 GHz CPU clock rate is present at the heart of the module. It
provides sustained data rates of more than 20 GB/s. The module requires a 10 MHz reference clock
to synchronize the timing. It operates over a wide input voltage range of 7 — 32 VDC and consumes
a maximum power of 30 W. In this radar design, the module will operate at 28 VDC. This voltage
is provided by the SynQor DC-DC converter after regulating the voltage provided by the UAS
battery. The clock signal power limits at all input ports range from -3 dBm to +3 dBm.

The Arbitrary Waveform Generator (AWG) is based on the AD9129 RF Digital-to-Analog
Converter (DAC) by Analog Devices. It has a single channel with 14-bit resolution and an output
signal frequency range of 1 — 3600 MHz. The clock range is 1400 — 2400 MHz but supports integer
multiples of 10 MHz. The clock frequency for this radar system is 2000 MHz. Three Nyquist zones
are available while the typical Noise Spectral Density (NSD) is -157 dBm/Hz.

The Complex Digital Receiver is based on the ADS42L.B69 Analog-to-Digital Converter
(ADC) by Texas Instruments. It has dual channels with 16-bit resolution (ENOB at 170 MHz and
2.5 Vpp full-scale = 12.03 ENOB) and an input signal frequency range of 1 — 250 MHz. The
sampling rate ranges from 10 — 250 MSPS and for this radar system the receiver is sampled at 100
MSPS. Two Nyquist zones are available at the maximum sampling rate and the NSD in the first
zone is typically -156.5 dBm/Hz.

The module has an SD card that contains preloaded images for an Embedded Linux Kernel

and other firmware settings. A computer with a Linux Operating System (OS) is used to access
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the module’s settings through a Graphical User Interface (GUI) provided by RSS. Figure 3-5 shows
a screenshot of the GUI window along with one of the settings window.

The manufacturer delivers the Series 300 Arena module ina 7.62 cm x 19.3 cm x 2.27 cm
(3inx 7.6 in x 0.895 in) Aluminum enclosure weighing 396.89 g. For this radar system, the entire
module is integrated directly into the chassis after separating from the manufacturer’s enclosure.
This is done to ensure easier interconnections with the other parts of the system and to reduce the

overall weight of the chassis. Figure 3-6 shows the Arena module in the radar chassis.
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Figure 3-6: Photo of the Arena module integrated into the radar chassis

3.3.1.2 Mintbox Computer

The Mintbox Mini is a miniature computer that is manufactured by Compulab. The central
processor is the AMD A4 Micro-6400T System-on-Chip (SoC). It is a 64-bit quad core processor
with a clock speed of 1 GHz and can be boosted up to 1.6 GHz. It is pre-built with a 4 GB RAM
and a 64 GB SSD. It even supports dual display with an AMD Radeon R3 Graphics GPU and two
separate HDMI ports. It has two 3.5 mm audio jacks, a LAN port, WLAN module, two USB 3.0
and three USB 2.0, a serial communication port, and micro-SD slot. The official OS is Linux Mint
18 Cinnamon but also supports Windows 7/8/10. In this radar system, the Mintbox is powered at
+12 V and is expected to draw around 800 mA. It has a Thermal Design Power (TDP) of 4.5 W
and is cooled using a passive, fanless design. The entire mini-computer measures 10.8 cm by 8.3
cm by 2.4 cm and weighs 250 g.

The compact and lightweight design makes it suitable for operating on a UAS, especially
with a low payload limit of 10 Ibs. The extensive computing features are sufficient for running the
Arena software interface. The Arena itself may be easily configured through its graphical interface
by connecting a full set of display monitor, keyboard, and mouse to the mini-computer. The
Trimble Studio Software is also installed to configre the GPS module and communicates with it

through the serial communication port. The received data is indexed with GPS coordinates and
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saved on the on-board SSD. In this manner, the Mintbox ensures that the radar system is running
and saving data throughout the mission. Figure 3-7 shows a picture of the Mintbox mounted on
top of the radar Aluminum box using Velcro tape. It will also be secured using zip ties running

through grommet-lined holes on the box lid.

Figure 3-7: Picture of the Mintbox Mini mounted on the radar box lid

3.3.1.3 Clock Board

In an UWB radar system, coherence is necessary to accurately demodulate the received
signal and determine characteristics of the target. This means that the transmit and receive signals
must be synchronized and the pulse-to-pulse timing must be accurate. Coherence is observed when
the phase relationships between the various signals within the system are preserved. This is
achieved with a single primary oscillator or clock source and all other reference and timing signals
derived from that single source.

Figure 3-8 shows the clock and signal scheme for the entire radar system. The primary
clock source is a 10 MHz oscillator. This is used as input reference for the clock board to generate
2000 MHz clock reference for the AWG. It is also used to generate 100 MHz using the clock
synthesizer to set the sampling rate of the ADC. The entire Arena module itself runs on an input

clock frequency of 10 MHz. The 100 MHz signal from the clock synthesizer is also used as
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reference for the PLO to generate a 20 GHz signal. This is used in the final RF mixing stage to
obtain the 2 — 18 GHz chirp signal. While the primary clock source ensures coherence, the PLL is

responsible for the stability of the chirp signal.
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Figure 3-8: Clock and signals frequency scheme for the radar system

The complete clock scheme includes 10 MHz clock source, 100 MHz clock synthesizer,
and 2000 MHz clock board. An exclusive design for the former two that integrates into this chassis
is yet to be designed. When fabricated in future, the two subsystems will be incorporated on a
single PCB that has the same dimensions as that of the clock board. It will be mounted as the third
level above the clock and GPS boards. For the final system-level tests described in this work, an
oven controlled 10 MHz crystal oscillator by Abracon Corporation and a USB programmable
frequency synthesizer by independent RF consultant, Robert Yarbrough, is used. These two

external devices are shown in Figure 3-48 as part of the test setup.
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The clock board is designed in-house at the Center for Remote Sensing of Ice Sheets
(CReSIS) and has been used in other radar systems [41]. It is based on the HMC833 programmable
fractional-N PLL with integrated VCO by Analog Devices. Figure 3-9 shows the block diagram
for the clock board. The 10 MHz reference from the clock source is AC coupled to the clock buffer.
In a clock distribution network or clock tree, a buffer is used to condition the signal. A tighter
control of the rise and fall times is established and it reduces signal jitter. The balanced signal is
converted into single-ended using a 1:1 transformer and provides reference for the Phase-Locked
Loop (PLL). It is programmed using a XC95144XL Complex Programmable Logic Device
(CPLD) by Xilinx Inc. The register banks are appropriately set to produce a 2000 MHz signal. It
is low-pass filtered to attenuate the harmonics and then amplified to increase the signal amplitude.
The output power of the signal from the board is controlled using an RF digital attenuator and its
control logic is set using the CPLD. Figure 3-10 shows pictures of the clock board with RF coaxial

cables directly soldered to the input and output connector footprints.
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Figure 3-9: Block diagram of the clock board
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Figure 3-10: Pictures of the programmable clock board

3.3.1.4 GPS Board

The Copernicus Il module by SparkFun is used as the GPS receiver. The data is indexed
with time stamps and also with respect to global position. Organizing data in this manner provides
a method for unique identification and makes it easier for signal processing.

The GPS receiver is a Dual In-Line Package (DIP) mounted on a compact module board.
The entire module may be easily incorporated on a printed circuit board, breadboard, or used a
standalone component. A PCB mount is favorable to assemble with the other radar components
since it is easier to stack vertically. Figure 3-11 shows a picture of the PCB with the Copernicus 11
module. The module’s vertical pins from the DIP are inserted into two rows of vias on the PCB
and is soldered in place. The MAX3232 transceiver chip facilitates serial communication between
the GPS module and the on-board computer. The module operates with a +3.3 V supply while the

transceiver with a +5 V supply, both routed from the power boards.
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Figure 3-11: Pictures of the GPS board

The GPS antenna is provided along with the UAS and connects directly to the Copernicus
Il module. The Trimble Studio Software is used to configure the GPS module. The time and
position data is configured to be stored in National Marine Electronics Association (NMEA)
format. It uses a simple ASCII, serial communication protocol is a widely used data standard. It is
compatible with most hardware and software and hence processing the received data is convenient.

Figure 3-12 shows a screenshot of a few lines of the received GPS NMEA data.
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Figure 3-12: Serial port screenshot of received GPS NMEA data
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3.3.2 RF Section

The radar system is comprised of numerous subsystems as described in Section 3.3. For an
UWB system, it is desirable to have all the RF components and their respective biasing and control
circuits on the same PCB. It is much easier to ensure timing and synchronization when the RF
components are on the same physical and electrical plane. However, due to limited space available
in the chassis, these components must be separated into two separate PCBs.

While the space available can accommodate the two PCBs on two separate levels, it
becomes problematic when the volume and weight for inter-board connections are taken into
account. In continuing along the same design ethos of miniaturization, the bulky cables are omitted
by integrating both PCB’s together back-to-back. Via holes are designed at specific locations to
allow a 32 gauge wire to pass through from one board to the other. While both boards are held in
place using the four mounting holes, electrical connections between components are made by
soldering the 32 gauge wire at the via holes on both sides.

The two PCBs are termed as RF Board (RFB) and Low-Speed Board (LSB) or Mixed-
Signal Board (MSB), as previously introduced in Section 3.3. The RF section will consist of the
following sub-sections: chirp generation, transmitter chain, and receiver chain.

3.3.2.1 Chirp Generation

The Frequency Modulated Continuous Wave (FMCW) signal is generated using a PLL
based multiplier. This is an adaption of the scheme developed by [42, 43]. The strategy is to use a
wideband Voltage Controlled Oscillator (VCO) to sweep from 11 — 19 GHz, multiply by a factor
of two to produce a 22 — 38 GHz signal, and then finally down-convert using a 20 GHz, Phase
Locked Oscillator (PLO) to generate the 2 — 18 GHz chirp. The linearity of the chirp is maintained

using a PLL. The 11 — 19 GHz swept signal is first divided in frequency by a factor of 56. The
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196.42 — 339.29 MHz swept signal is then compared with the reference signal of the same
frequency band generated by the Arena’s AWG, at the phase-frequency detector. The output is an
error voltage proportional to the phase difference between the two chirp signals. A differential
loop amplifier converts the differential error voltage to a single-ended voltage signal, which then
tunes the VCO to complete the loop.

A well designed and accurately functioning PLL ensures the stability of the chirp signal.
The received IF signal is the beat frequency, that is, the difference between transmit and receive
chirp signals. Therefore any frequency drift or non-linearity in either of them would result in
distortions in the IF waveform and mask information regarding the target. Hence, a rock-solid,
stable signal is crucial for measuring the characteristics of targets in an FMCW radar.

Similarly, the stability of the PLO is important since it performs the final frequency
translation to produce the 2 — 18 GHz chirp signal. This is ensured by feeding the external reference
signal from a common clock source. It is also vital for the PLO to have low-phase noise since this
can obscure radar targets and decrease the receiver sensitivity.

A challenging aspect of producing the 2 — 18 GHz chirp signal is the final frequency
multiplication and mixing stage. The swept 11 — 19 GHz signal is multiplied to 22 — 38 GHz and
then mixed down using 20 GHz to result in 2 — 18 GHz. At these high frequencies, Integrated
Circuits (ICs) may usually come in the form of a bare die instead of a package or assembled with
connectors. Wire bonding is used to make connections between the bare die and the rest of the
Printed Circuit Board (PCB). The tiny, gold strands of wire are prone to breakage and hence the
board must be handled very carefully. Furthermore, practical aspects like accessibility to a wire

bonding machine and affordability for the cost of operation are causes for concern.
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Figure 3-13 shows the circuit diagram of the chirp generation stage. Figure 3-14 and Figure
3-15 show the layout of both boards with the chirp generation stage highlighted. The entire process
of generating the 2 — 18 GHz chirp emphasizes the difficulty and importance of this stage. This is
further complicated by the method of integration of the boards into the system. To ensure
continuity, tests must first be performed when both boards are separated and a picture of this test
setup is shown in Figure 3-16. Then, the same tests must be done with the boards integrated

together and a picture of this setup is shown in Figure 3-17.
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Figure 3-13: Chirp generation stage circuit diagram
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The initial test with both boards separated provides an essential proof-of-concept for the
chirp generation stage. Hence, in spite of the long test wires between the boards and manual
operation of the VCO through the power supply, the spectral results are still valid and beneficial.
The 83752B synthesized sweeper by Hewlett-Packard provides a stable 100 MHz clock reference
for the PLO. As the tuning voltage for the VCO is increased on the power supply, the output
frequency is gradually increased and this is observed with the spectral peak sliding across the
bandwidth on the spectrum analyzer.

The merged tests still involve power supplies and the synthesized sweeper for the PLO
reference signal. However, the biggest difference compared with the initial test is that the signal is
generated using the entire PLL and is automatically swept using the rack mount Arena module.
This configuration is closer to the final expected operation and hence this result serves as a good
indication of the true performance. Furthermore, the output is measured using a U2022XA USB
wideband power sensor by Keysight Technologies (originally sold by Agilent Technologies). The
absolute amplitude accuracy of the power sensor is greater than that of the spectrum analyzer over
a wide frequency range.

Figure 3-18 is a screenshot of the power sensor’s application window showing the absolute
power of the 200 us long pulse. The peak power of the pulse is -10.35 dBm and the total dynamic
range is 14.68 dB with a negative slope. Figure 3-19 shows a similar result but with the addition
of a 10 dB gain equalizer at the board output port. In this case, the beginning and ending of the

pulse have power levels of -22.53 dBm and -31.01 dBm.
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Figure 3-19: Simulated and measured output of the chirp generation stage. The simulation is performed on Genesys
while the measurement is done using a power meter on the merged boards, along with a 10 dB external gain equalizer
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The simulation in Genesys shows 3.63 dB slope across the bandwidth and the measurement
exceeds the expected response by 11.05 dB. Hence, a gain equalizer is used to flatten the slope
and this ensures that the signal amplitude over the entire bandwidth is within the LO range of the
mixer. This undesirable effect is attributed to the physical imperfections of the wire-bond stage.
EM co-simulation of the board and the components can account for the total board effects and this
will be investigated in future. Since the PLL spans over both the RF and mixed-signal boards, the
interconnections between the boards should be solid and the boards themselves should be flush
relative to either ground planes. Misalignment and a gap between the boards can induce noise and
attenuate signals. Moreover, due to the wide bandwidth, the effects vary linearly across frequency.

A large dynamic range for the entire pulse is expected due to the UWB frequency range.
The higher frequencies in the band, for instance from 14 — 18 GHz, experience much higher
transmission line losses than the lower frequencies like 2 — 6 GHz. However, such large variations
in power within the pulse can cause instability, particularly with non-linear operators like
amplifiers and mixers. Further, the components used in the chain must have a sufficiently wide
dynamic range to accommodate the entire pulse. This was discovered to be a problem and
necessitated additional external components, which is discussed in the next section.

3.3.2.2 Transmit Section

The chirp generation stage defines two of the three important characteristics of the desired
signal: frequency and phase. The PLL-based multiplier produces a stable 2 — 18 GHz chirp signal.
The transmit section defines the third important characteristic, amplitude. In an FMCW radar
system, there are two amplitude considerations: Output transmit power at the antenna and transmit

power at the Local Oscillator (LO) port of the mixer.
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An FMCW radar system uses a copy of the transmitted chirp signal to down-convert the
received chirp signal. The resulting Intermediate Frequency (IF) or beat signal contains
information about the target. This copy of the transmitted chirp signal is fed to the LO port of the
mixer. It is relatively easy to amplify the generated chirp signal to the desired output power level
at the antenna. However, the challenge in an UWB system is to amplify the entire pulse to fit
within the dynamic range of the mixer’s LO port.

This radar system uses two 2 — 18 GHz double-balanced mixers by Miteq (DB0218LW2).
The LO power range for this mixer is +7 to +13 dBm. As stated in the previous section, the total
dynamic range of the generated chirp signal is 14.68 dB. Therefore, the full UWB signal must be
appropriately conditioned so that the entire pulse falls within the 6 dB dynamic range of the mixer’s
LO port. This is one of the biggest challenges of this radar system.

The signal conditioning is achieved by using a carefully selected set of external
components. This is highlighted in the circuit diagram shown in Figure 3-20. A specific
combination of amplification, attenuation, and gain equalization is used to over-correct the slope
of the chirp signal. This over-correction allows the signal to have a nearly flat slope at the LO port
of the mixer, as the signal experiences further losses due to the other on-board components.

The setup to correct the dynamic range of the pulse is similar to the merged chirp generation
test. The chirp output from the board is connected to the external components chain and its output
is directly measured using the power sensor. The selection of components was tricky due to the
availability of only two gain equalizers that have a 10 dB and 15 dB slope. After attempting various

combinations with the available components, the conditioned chirp pulse is shown in Figure 3-21.
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The beginning of the pulse is attenuated from -10.58 dBm to -20.66 dBm while the other
end is amplified from -25.26 dBm to -21.77 dBm. The peak power of the pulse is measured to be
-13.96 dBm. The magnitude of the second half of the pulse is approximately 6.58 dB larger than
the first half and the positive slope indicates over-correction. The total dynamic range of the pulse
is reduced from 14.68 dB to 7.38 dB. The typical negative slope of the transmission line losses
flattens the pulse and also further reduces the dynamic range to less than 6 dB.

The rest of the transmit section on the RF board provides sufficient amplification to achieve
the desired output transmit power at the antenna. A SPDT RF switch alternates between the two
channels to transmit from both antenna polarizations. Figure 3-22 shows the highlighted transmit

section on the board and the external components chain.
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High-pass
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Figure 3-22: Picture of the RF board layout and external components with the entire transmit section highlighted

Figure 3-23 shows the transmission gain of the on-board transmission section for both
polarizations. An S21 measurement is performed using the Vector Network Analyzer (VNA)
between the port where the chirp is fed back into the board from the external components and
either of the output ports to the antenna. The total dynamic range for horizontal polarization is

12.09 dB and for vertical is 11.45 dB. The respective peak gain are 35.34 dB and 35.2 dB. The
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signal path to the LO port is similar to that of the antenna ports, therefore the transmission gain
may also be approximately equal. If the slopes of the chirp pulse and the transmission gain are
combined, the signal dynamic range at the LO port may be estimated. The signal power range at
the upper and lower mixer LO ports are approximately 5.51 dB and 4.87 dB. Hence, it is likely

that the LO ports are driven correctly for the entire pulse as the range is less than 6 dB.
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Figure 3-23: Simulated and measured gain of the transmit section excluding external components

3.3.2.3 Receive Section

In an UWB radar system, setting an appropriate Noise Figure (NF) is paramount. The total
losses over the entire bandwidth can have a large slope, as observed in the previous two stages.
Hence, careful consideration must be given for the first component in the receiver stage. The
TGA2567 low-noise amplifier (LNA) is chosen as the first component since it provides an average
NF of 2 dB over the entire band. An external low-pass or band-pass filter may be included before
the LNA to prevent interference from other noise sources. However, due to the significance of the
NF, the filtering aspect may instead be relied on the antenna’s return loss to reject out-of-band

frequencies.
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Figure 3-24 shows the receive section circuit diagram. While the LNA sets the NF and
provides crucial amplification of the low-power received signal, the second component is
prudently selected to be the mixer. It is desirable to down-convert to IF as quickly as possible to
minimize further losses of the UWB pulse. As previously discussed, the signal at the LO port of
the mixer is a copy of the transmit chirp after conditioning the power using a chain of external
components. The RF and LO components of the receiver are present on the RF board as shown in
Figure 3-25. The down-converted IF signal is transferred to the mixed-signal board through the

direct board-to-board connection and this section is shown in Figure 3-26.
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Figure 3-24: Receive section circuit diagram
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Figure 3-26: Picture of the mixed-signal board layout with the receive (intermediate) section highlighted

The IF section of the receiver on the mixed-signal board is bookended by two filters. The
cut-off frequency for the high-pass filter is 3 MHz and for the low-pass filter is 50 MHz. The
frequency of the beat signal is proportional to the time difference between the transmit and receive
chirp. The time difference is in turn related to the altitude of the UAS. Hence, the frequency range

of the Nyquist zone sets the cut-off frequencies for the IF section. The relatively low-power,
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received IF signal is further amplified in three stages. Attenuators are used between each stage to
sufficiently dampen the signal to prevent instability and saturation. The IF signal is then finally
digitized in the Analog-to-Digital Converter (ADC) in the Arena module. It is sampled at 100
MSPS to satisfy the Nyquist sampling requirement.

Figure 3-27 and Figure 3-28 shows the frequency response for the horizontal and vertical
polarizations. An S21 measurement is performed using the VNA between the IF port and the output
port that connects to the ADC. The IF port on the MS board is a direct solder connection from the
RF board. Hence, for the S21 measurement a stripped coaxial cable is probed on the test point. To
complete the circuit, an Exacto knife is used to short the outer braided conductor of the cable to a
ground via right beside the test point. Since this is an unconventional method of measurement, it
would likely account for some losses. So, the magnitude of the insertion loss measured is likely to
be slightly lower, relative to a measurement with connectors.

The cut-off frequencies of the frequency response clearly correspond to that of the high-
pass and low-pass filters. Although the magnitude shown exactly at 3 MHz is a lot lower than 3
dB from the mid-passband point, the passband does begin within the next few data points due to
the sharp roll-off. Therefore, the cut-off may be approximated to 3 MHz. The higher cut-off occurs
exactly at the end of the first Nyquist zone. However, there is a nearly 2.5 dB difference at the cut-
offs and 1.5 dB difference at the mid-passband point between the two channels. Since both
channels use the same components and a very similar build quality is probable, the difference

could be caused due to the longer transmission line from the IF point for the vertical polarization.
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For Figure 3-29 to Figure 3-32, the test setup involved performing a mixer-mode

measurement. In the default mode of measurement, the frequency ranges of multiple ports are

fixed. However, a mixer performs frequency translation. So, the three ports of measurement must

be tuned to the respective RF, LO, and IF frequency ranges. The RF port is connected to one of
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the receive signal connectors, the LO port is connected to the input transmit section connector, and
the IF port is connected to the corresponding output IF section connector.

In Figure 3-29 and Figure 3-30, the input RF frequency is set to 1 to 19 GHz, input LO
frequency to 0.98 to 18.98 GHz, and the output IF frequency is fixed at 20 MHz. The input power
at the RF and LO ports are calculated in accordance with the link budget of the respective chains.
The input RF power is fixed at -40 dBm while the LO power is set at five different levels, as shown
in the figures. This test shows the power required at the input of the transmit section on the board
to successfully drive the LO port of the mixer. For the horizontal polarization mixer, the drive
power is around — 17 dBm while for the vertical polarization mixer it is slightly above -17 dBm.
The difference indicates that the vertical channel appears to be lossier than the horizontal channel.

It is also evident from the roll-off at the higher frequencies when the mixer is under-driven.

In Figure 3-31 and Figure 3-32, the LO power is now held constant, while the conversion
loss is recorded at different IF frequencies. At a constant RF frequency range of 1 to 19 GHz and
power of -60 dBm, the LO frequency range is appropriately changed to obtain the list of IF
frequencies shown in the Figures. The LO port of the horizontal polarization mixer is driven at -
18 dBm and due to the extra losses observed, the vertical mixer is driven at -16 dBm.

This test shows the change in conversion loss across the full signal bandwidth, as the IF
signal is moved across the first Nyquist zone. The various conversion loss levels correspond to the
insertion loss of the frequency response. This test essentially characterizes the effect on the entire
UWSB signal as the UAS altitude is increased.

There is a severe degradation in gain between 2 and 3.5 GHz at all frequencies within the
IF band. This is caused due to the roll-off of the high-pass filter at the beginning of the IF section.

The roll-off at the IF cut-off of 3 MHz must be sharp so that it filters out-of-band response but
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does not encroach within the passband. This undesirable effect causes a loss in gain at the lower
frequency band, between 2 and 3.5 GHz. This must be corrected in future designs as it can mask

target returns.
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Figure 3-29: Conversion loss at an input RF power of -40 dBm, an output IF frequency of 20 MHz, and at various
LO power levels for the horizontal polarization mixer
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3.3.3 Mixed-signal Section (Low-speed Board)

As previously discussed in the introduction of Section 3.3.2, the strategy of integrating
both boards back-to-back is preferable considering the space issue. However, this increases the
complexity and level of difficulty in terms of execution. Both boards must be designed in such a
way that interconnect via holes exactly align and must be milled by manufacturers with tight
tolerances. It is important that the interconnecting 32 gauge wires pass straight through the via
holes and are not angled or bent.

While the boards were designed and manufactured correctly, a slight misalignment resulted
due to obstruction from the mixer cradles. These Aluminum pieces act as a base to the two mixers
soldered on the RFB. The pieces are fastened to the board itself to provide support, so that the
entire mixer is not just held by its soldered pins. The outline of one of the cradles does not match
the cutout on the MSB and hence causes a slight lateral misalignment. The result of this is that the
interconnecting wires are slightly angled.

The bottom layer of the RFB, that is the ground plane, is completely exposed. Even though
the interconnect vias are separated from the ground plane, the angled wires increase the chances
of shorting. To address this problem, the area around the interconnect vias are covered with pieces
of Kapton tape. This is done on both boards and can be seen in Figure 3-33. Holes are punched
through the tape to make it easier for the interconnecting wires to pass through.

On the other hand, the bottom layer of the MSB, that is the ground plane, is completely
covered. While shorting with the wires is an issue, there must be sufficient electrical contact
between the ground planes of both boards. If both ground planes are not at the same potential, then
it would introduce severe noise into the system and prevent accurate functioning. In fact, during

the chirp generation stage test, shown in Figure 3-16, a similar noise was observed due to ground
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loops caused by the long test wires. The parasitic inductance of the wires cause the ground potential

to be inconsistent.

Kapton tape around inter-
board connection vias to

preventshorting

Figure 3-33: Picture of the back side of both RF and Mixed-signal boards showing Kapton tape and solder-mask
scraped areas

To ensure sufficient ground contact, specific areas of solder mask are scraped off the MSB.
It is advisable to scrape out the area directly underneath the chip for maximum effect. Furthermore,
pieces of Indium are applied on the same spot, as shown in Figure 3-34. The sandwiched Indium
between the exposed copper areas fills in any possible gap between the boards and further ensures
electrical contact.

It is extremely important to prevent any sources of noise from within the system. In addition
to maintaining uniform ground potential, another example is having a separated section with its
own power plane for the IF section on the MSB. In Figure 3-26, as the highlighted part of the MSB
shows the IF section of the receiver chain, this entire part has a separate power plane and the
perimeter is lined with a row of vias. This is to prevent interference from the other biasing circuits
into the relatively high-speed received IF signal. The Mixed-signal section will consist of the
following sub-sections: TGA2567 biasing circuit, ADRF5020 biasing and control circuits, and

Phase-locked loop.
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Figure 3-34: Picture of the back side of the Mixed-signal board showing Indium applied to the exposed copper

3.3.3.1 TGA2567 Biasing Circuit

The TGA2567-SM by Qorvo is a LNA gain block that is essentially an enhancement mode,
Class-A amplifier. In a p-channel enhancement mode amplifier, a negative gate-source voltage is
applied to the terminal. This allows the channel to conduct and the drain current flows through the
channel. In the case of the TGA2567, a secondary gate voltage controls the gain of the amplifier.

Metal Oxide Semiconductor Field Effect Transistors (MOSFETS) are used in common-
source configuration to function as amplifiers. Under certain conditions, that is, when a voltage is
applied across the terminals, MOSFETs naturally exhibit a switching nature. To successfully
operate in a particular region, the voltages must be applied in a specific sequence. This is
commonly termed as power sequencing. A table showing the bias-up and bias-down procedure for
the TGA2567 is in the Appendix.

While it is easy and convenient to follow this procedure manually using bench-top power
supplies, a specific power sequencer circuit must be used to automate this process on the board-
level. The HMC981LP3E by Analog Devices is an Active Bias Controller that is designed to

perform this exact process. It is capable of biasing an enhancement or depletion-type Class-A
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amplifier and achieving a constant bias current. Using appropriate resistor networks, the desired
voltages can be set and the stability of the bias current is ensured using a feedback network. The
typical application circuit reported in the datasheet is used for both components.

The TGA2567 sections on the RF board with designators are shown in Figure 3-35 and the
respective HMC981 sections on the MS board are shown in Figure 3-36. Each amplifier has three
bias points that are marked with yellow circles within each highlighted section. Vp sets the drain-
to-source voltage, Ve sets the gate voltage for the channel to conduct, and Ve: sets the gain of the
amplifier. The typical operating conditions for the TGA2567 are Vp=+5V, Vc1=-0.7 V, and Vg2
=+1.3 V for a drain current of 100 mA.

A typical application circuit like that on an evaluation board may require a gate voltage of
-0.7 V for a drain current of 100 mA. However, this is likely to be different for customized
application circuits. Therefore, the specific gate voltage for the drain current requirement must be
ascertained by testing the application circuit. The first step is measuring the open-circuit voltages
of the TGA2567 using benchtop power supplies and the results are shown in Table 3-3. The
required gate voltages for a 100 mA drain current varies between -0.52 V and -0.54 V for all seven

amplifiers.

The resistor network for the HMC981 circuit is appropriately chosen to target the measured
gate voltages. The second step is measuring the open-circuit voltages of the HMC981 using
benchtop power supplies and the results are shown in Table 3-4. The open-circuit gate voltage for
a target closed-circuit voltage of -0.53 V is approximately +2.2 V. Although the voltages vary

around the expected value, they are all within an acceptable coarse range.
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Table 3-3: Benchtop, measured open-circuit voltages of the TGA2567 amplifiers for a constant drain current
requirement of 100 mA

Designator Circuit placement Drain Voltage (Vp) | Gate Voltage (Ve1) | Gate Voltage (Vez)
TGA2567-A Chirp generation +5V -0.53V +1.3V
TGA2567-B First transmit 5V -0.54 Vv +13V
TGA2567-C Second transmit +5V -0.54 Vv +1.3V
TGA2567-D Mixer Local Oscillator 5V -0.54V +13V
TGA2567-E Final transmit driver 5V -0.52V +13V
TGA2567-F Lower receive 5V -0.54V +13V
TGA2567-G Upper receive +5V -0.52V +1.3V

Table 3-4: Benchtop, measured open-circuit voltages of the HMC981 active-bias controllers for a drain voltage of +5

V, drain current of 100 mA, and second gate voltage of +1.3 V

Designator Circuit placement Drain Voltage (Vb) | Gate Voltage (Ve1) | Gate Voltage (Vez)
HMC981-A Chirp generation +4.961 V +2.259 V +1.296 V
HMC981-B First transmit +4.96 V +2.218V +1.29V
HMC981-C Second transmit +4.96 V +2.283V +1.29V
HMC981-D Mixer Local Oscillator +4.96 V +2.37V +1.288 V
HMC981-E Final transmit driver +4.96 V +2.195V +1.287V
HMC981-F Lower receive +4.958 V +2.161V +1.293V
HMC981-G Upper receive +4.959 V +2.397V +1.298 V

The third and final step is to measure the closed-circuit voltages after the boards are merged
and the results are shown in Table 3-5. The gate voltages are all close to the required ones shown
in Table 3-3. This ensures that the TGA2567 amplifiers would all receive the correct bias voltages
for optimum performance. However, the drain voltages drop to around +4.4 V due to the increased
resistance after merging. This is still within the operating range of the amplifiers but it slightly

changes the gain near 18 GHz. In fact, the effect of this is beneficial since it slightly flattens the
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gain response and in turn reduces the signal power variation within the pulse. But the drain voltage
may be increased if the current requirement is not matched.

One of the challenges for the MS board design is arranging the various sections in
accordance with the position of the bias points relative to the RF board. Figure 3-36 shows the bias
points marked with yellow circles and the designators indicate the respective positions. The traces

are carefully considered to prevent voltage drops and utilize the board space appropriately.

Table 3-5: Integrated, measured closed-circuit voltages of TGA2567 and HMC981 after merging the boards

Designator Circuit placement Drain Voltage (Vb) | Gate Voltage (Ve1) | Gate Voltage (Ve2)
A Chirp generation +4.374 V -0.536 V +1.297V
B First transmit +4.406 V -0.531V +1.281V
C Second transmit +4.401V -0.534 vV +1.288V
D Mixer Local Oscillator +4.408 V -0.535 V +1.278 V
E Final transmit driver +4.413V -0.513 V +1.286 V
F Lower receive +4.414V -0.539 VvV +1.284V
G Upper receive +4.405V -0.513 Vv +1.28 V

3.3.3.2 REF Switch Bias and Control

The ADRF5020 by Analog Devices is a single-pole, double-throw switch that is capable
of operating over an UWB frequency range. It is a general purpose switch with excellent isolation
of 60 dB and operates from 10 0MHz to 30 GHz. It requires dual supply voltages of +5 V and -2.5
V and consumes very low current. A notable feature is that the design is non-reflective or
absorptive. This means that the ports are terminated in 50 Q and hence provide excellent return
loss and isolation. This is particularly important for an UWB system to prevent unintended noise.
While the power boards provide the commonly used + 5 V supply, additional circuitry is required

for the -2.5 V supply. The LT8364 voltage inverter by Analog Devices is used to convert +5 V to
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-5 V and the MAX1735 linear regulator by Maxim is used to step-down from -5 V to -2.5 V.
Additionally, the 74LVC1T45 translating transceiver is used to control the switching from the
Arena module. The typical application circuit suggested in the datasheets are used to ensure
optimum performance. The three individual sections and the respective connection points with

yellow markers are highlighted on the MS board layout in Figure 3-37.

Figure 3-37: Picture of the mixed-signal board layout with the ADRF5020 biasing and control sections highlighted

The tricky method of integrating both boards together caused problems when soldering the
biasing points. The negative power supply pin of the RF switch was accidentally shorted to ground
during the integration process. However, after consulting Analog Devices, it was learned that the
rugged design of the ADRF5020 is able to function with a single positive power supply. This
affects the performance by reducing the 1 dB power compression by an average of 10 dB and the
third order intercept by an average of 12.5 dB, across the whole frequency band. It also increases
the switch’s settling time by 15 ns at 10 GHz for an input power of 0 dBm. These changes are
acceptable since the radar is intended to be operated with a 0 dBm transmit power and does not

require fast switching characteristics.



64

Figure 3-38 shows the gain and loss of the transmit section for both polarization channels,
as the control port of the switch is toggled. This test measures both the insertion loss and isolation
of both channels. Thereby, the frequency response of the switch’s truth table is characterized. RF1
corresponds with horizontal polarization, while RF2 with vertical. The isolation for the respective
channels at the lowest frequency is 62.07 dB and 60.83 dB, while at highest frequency it is 47.88
dB and 45.53 dB. The decrease in isolation at the higher frequency range could be attributed to the

effects of the short and operation with a single positive power supply.
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Figure 3-38: Transmission gain/loss through both transmit sections (excluding external components) for each control
port state of the RF switch

3.3.3.3 Phase-locked Loop

A Phase-Locked Loop (PLL) primarily consists of three components: VCO, phase detector,
and loop filter. The VCO produces oscillations at the intended frequency while the phase detector
compares the phase of this signal with a reference signal. The resulting phase difference between
the signals is converted into an error voltage by the loop filter and is fed back into the VCO.

Depending on the error signal, the VCO is tuned to increase or decrease the frequency to exactly
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match the reference frequency. The VCO output signal is continuously compared with the
reference signal through the feedback mechanism and hence resulting in a stable frequency output.

The PLL design features two options to translate the chirp signal in frequency and compare
the phase with the reference signal. Figure 3-39 shows the circuit diagram of the entire setup along
with both the options. The first option divides the 11 — 19 GHz signal by a factor of 8 using the
HMC494 to obtain a 1.375 — 2.375 GHZ signal. The HMC440 contains a programmable divider
and a phase-frequency detector. The signal is further divided by a factor of 7 and the phase is
compared with the reference signal from the mixed-signal board. The reference signal is provided

by the Arena module which is then filtered and then divided in power between the two PLL

options.
o[- Ae——-
VCOo ATT HPF AMP LPF ATT AMP

Gain Eq. Gain Eq.

To wire-bond | _

_sect'lon _' *
r___________________l ATT " }

N | J _
|——— Detect R N — i = Power Div.
| I = 7 counter u ‘ | <
| I ND = | AT
| | —
l [ ! Phase-Freq. Det. Freq. Div. I RF Board
I B '
} : 'l
| [ |
! —=——| 196.43 —339.29 MHz
—|_\ : % —e reference chirp signal |
— (from Arena’s AWG) |
| Loop Filter Power Div. LPF
I [Comparator) |
—
MU |
| = e
g . counter
| o - I |
Phase-Freq. Det. Programmable Phase-Locked | Vieds,
xed-Signa

I Freq. Div. Loop

Board

Figure 3-39: Phase-locked loop circuit diagram

The second option offers the same process but in three separate stages. After the signal is

divided by a factor of 8, it is separately divided by a factor of 7 using the programmable HMC705,
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and then the phase is compared using the HMC439. This option provides flexibility, redundancy,
and eases the process of troubleshooting. Moreover, the design’s separated stages provides
convenience when testing since the entire loop must be closed to successfully test the working of
the PLL. However, the challenge in separating the two design options is ensuring integrity as
different signals are passed between the boards.

Figure 3-40 shows the performance of the VCO for three separate trials. This test is
performed to determine the stability, repeatability, and precision of the VCO. Since the error signal
tunes the VCO to adjust the frequency, the response must be precise to ensure a stable output. For
this test, the VCO is individually biased and manually tuned using power supplies to determine
distinct data points for output frequency and power. Although there is variation in output power,
the change is indistinguishable in the insertion loss for the entire chain. More importantly, there is

minimal variation in output frequency and this result qualifies this particular VCO for the design.
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Figure 3-40: Performance of the VCO for three separate trails to determine precision
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Figure 3-41 shows the output spectrum of the PLL from a test setup similar to the one in
Figure 3-17. A rack mounted Arena module is used to sweep through the full pulse and a spectrum
analyzer is used to measure the output spectrum. The measurement is captured on a laptop using a
LabView application that communicates with the spectrum analyzer through a GPIB connection.
The response is similar to the one shown in the chirp generation section, except with additional

attenuation and the same gain equalizer.
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Figure 3-41: Output of the Phase-locked Loop measured with an additional 10 dB attenuation and gain equalizer as
the reference chirp is swept across the full frequency band

3.3.4 Power Section

The main source of power for the radar system is the UAS’s battery. It supplies +28 V but
is unregulated and unfiltered. A DC-DC converter is required to regulate and filter this voltage and
a linear regulator is required to step-down to the numerous required voltages. Four power boards
with each one providing three distinct voltages cover the power requirements for the entire radar

system. Table 3-6 lists all components that require a power source and the required voltages.
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Board/Placement Components Required Expected Power
Voltage current draw
Radio frequency Voltage Controlled Oscillator, +5V 487 mA 2.435 W
board Distributed Amplifier, Divide-by-8,
Synthesizer
Mixed-signal board | Active bias controllers, RF switch bias 5V 1086.3 mA 5.4315W
and control circuits, IF section
amplifiers, Phase-locked loop
components
Mixed-signal board Loop filter/comparator +18V, -18V 6.5 mA 0.234 W
Stand-alone Phase-Locked Oscillator +15V 220 mA 3.3W
Global Positioning GPS module and serial transceiver +3.3V,+5V | 44 mA, 0.3 mA 0.147 W
System board
Clock board Programmable PLL and others +15V 290 mA 4.35W
Stand-alone Arena module +28 V 600 mA 16.8 W
External Mintbox computer +12V 600 mA 72W
Total power consumption expected for the entire radar system 39.9W

The MQHL-28-28S and MQHL-28-7R5S DC-DC converters by SynQor are used for both

the positive and negative power boards. It is a high-reliability, high-efficiency synchronous

rectifier technology designed and built for military standards. It operates at a fixed frequency and

the design contains no opto-isolators. The power conversion is performed in two-stages: first, a

buck-converter that retains constant output voltage; second, a transformer that provides isolation

and voltage transformation. The SynQor block filters and regulates the +28 V source from the

UAS battery and maintains it over any changes in current, load, or temperature. Thermal
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dissipation is achieved using thermal paste underneath the component and the Aluminum frame
structure.

The positive power board uses a switching buck converter and then a low-dropout (LDO)
regulator, as shown in Figure 3-42. A switching converter is first used to step-down the voltage
since they generally have a higher conversion efficiency and better thermal performance than a
linear regulator. However, since the energy is stored in the inductor’s magnetic field, it tends to be
noisy. A LDO is then used in the next stage since it is able to regulate the output when the voltage
difference between supply and output is very small. More importantly, the signal is cleaner since
the LDO provides a steady, low-noise output without any switching. However, the excess energy
is dissipated as heat and hence proper thermal management is vital. In addition to thermal paste
and metal frame, the temperature of the LDOs must be monitored due to the closely spaced
channels and compact board placement.

For both the switching converter and the LDO, a resistor divider network at the output sets
the required voltage. An extra parallel resistor is also included for fine voltage tuning. It is
important to choose the correct value of input and output capacitors, ensure high physical quality,
and sufficient voltage and temperature rating. The input decoupling capacitors filter high-
frequency noise and provide some damping to the voltage spike due to the lead inductance of the
trace. The output capacitors “affect the steady state output voltage ripple, loop stability and the

voltage over/undershoot during load current transients”.
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Figure 3-43: Circuit diagram of the negative voltage power board

The negative power board is designed by stepping-down the voltage in two stages using
two linear regulators, as shown in Figure 3-43. This is possible since the load current requirements
of the negative voltages are low and hence a switcher is not necessary. To keep the efficiency and
thermal performance high, the voltage is transformed in two stages through an intermediate stage.
This is done to reduce the voltage difference between the input and output, which is directly tied
to the performance of the regulator. Appropriate resistor divider networks are chosen for the output

of each stage to set the required voltage. Decoupling and output capacitors keep the signal clean

and stable.
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Figure 3-44 and Figure 3-45 shows the layouts for both boards and the individual stages
highlighted. In the right subset of Figure 3-6, under the Arena module section, the picture shows
the position of the connector on the chassis wall that provides +28 V from the UAS battery.
Twisted-pair cables are routed from this connector on the chassis wall to the Molex input
connectors on the board seen in Figure 3-46: Picture of all four power boards stacked inside the
radar chassis. It also shows the three positive power boards (A, B, and C) and the negative power

board vertically stacked in the radar chassis.
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Figure 3-44: Positive board layout with individual sections highlighted
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Figure 3-45: Negative board layout with individual sections highlighted
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Figure 3-46: Picture of all four power boards stacked inside the radar chassis

Table 3-7: List of voltages for each power board and their performance parameters shows
a list of all the voltages for each power board. It also lists the measured voltage, current, and
temperature when the power boards are operational with no load and a full load. In spite of the
thermal paste and aluminum frame, the total heat generated by the regulators over a long-period
of time is high. In one experiment, the temperature of the regulators on one power board reached
70° C after 30 minutes with a full load. When assembled in the radar chassis together, due to the
compact profile a fan would be required to assist in heat transfer. This could be a necessity since
the UAS can fly for 45 — 60 minutes on a single charge and the regulators should ideally measure

below 70° C for the entire duration.



Table 3-7: List of voltages for each power board and their performance parameters
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No load Full load
Current
Req. Typ. Meas. Meas. Temp. of Current
Temp. of drawn
Power output load output output switcher drawn
switcher from
boards voltage current | voltage voltage after 5 from
°C) supply
V) (mA) V) V) min. (°C) | supply (A)
(A)
-5 100 -5.12 34 0.13 -5.11 62 0.23
Negative
-16 300 -15.99 35 0.13 -15.95 60 0.44
T2
-18 130 -18.25 36 0.13 -18.23 50 0.26
+18 130 +17.67 48 0.17 +17.64 56 0.26
Positive
+16 570 +15.81 52 0.17 +15.75 65 0.55
T3-A
+15 510 +14.82 45 0.17 +14.75 58 0.49
+3.3 35 +3.42 33 0.08 +3.4 36 0.08
Positive
+5.28 1200 +5.67 35 0.08 +5.35 46 0.36
T3-B
+5 805 +5.3 38 0.08 +5.04 42 0.25
+8 675 +8.28 45 0.16 +8.06 62 0.39
Positive
+12 600 +12.19 50 0.16 +11.97 61 0.46
T3-C
+5 810 +5.26 49 0.16 +5 63 0.35

3.4 Loop-back test

The functioning of the entire radar system is verified through a delay line or loop-back test.

The output signal from the antenna transmit connectors are fed back into the respective antenna

receive connectors after passing through an optical-delay line system. This setup simulates a single

point target by introducing propagation delay and looping back the same signal into the system.

The RF signal is converted into the optical domain so that large propagation distances may be



74

simulated within a limited form factor. A custom designed fiber-optic delay transceiver is used
that introduces a 1.725 us delay and an attenuation of 26 dB.

Figure 3-47 shows the entire setup for the loop-back test. A single power supply that provides
+28 V acts as the UAS battery. This is connected to all four power boards through the connector
on the chassis wall. The boards in turn supply power to the merged RF and MS boards, PLO, and
10 MHz clock source. For the sake of convenience, the amplifier in the external components chain
is powered using a separate power supply. The 100 MHz frequency synthesizer is powered through

the USB port from a computer.

Primary radar

= IF waveformon
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Arena module

= / Optical delay

line module

Figure 3-47: Picture of the overall delay-line test setup

This primary purpose of this test is to measure the functionality of the core part of the radar
that is the merged RF and MS boards. Although most of the components belong to the actual
miniaturized system, some are borrowed from other radar systems. This is done in part out of
convenience but also to reduce the number of unknowns in the entire setup. Hence, a separate rack
mounted Arena module is used for this test, even though the module for the miniaturized radar is
already integrated into the chassis, as seen in Figure 3-48. The design and capability of both Arena

modules are similar, so the performance is practically unchanged.
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Figure 3-48: Picture of the delay-line test setup with a close-up of the individual hardware components

The IF signal is received and sampled on the MSO 4054 Mixed-Signal Oscilloscope by
Tektronix. It has a maximum receive frequency of 500 MHz and samples at 2.5 GSPS. Figure 3-49
shows the transmit AWG and receive IF waveforms on the oscilloscope. The attenuation effect of
the delay-line is clearly seen in the amplitude variations of the received waveform. The
characteristics of a target are manifested as a change in waveform shape and the information is
contained within the entire pulse. The timing of the measurement is synchronized with the AWG
by triggering the oscilloscope with the Extended Pulse Repetition Interval (EPRI) signal. A square
pulse is generated by the Arena module at the beginning of each transmit pulse in accordance with
the PRF. The timed transmit and receive pulses are seen at the top of the oscilloscope screen in
Figure 3-49.

The Fourier transform of the received IF waveform with a Hanning window applied is
shown in Figure 3-50. This is the delay-line or loop-back response of the radar system. It
characterizes the performance of the radar as it simulates the scattering from an ideal single target.

The response of a close-to ideal radar for such a target is a narrow peak with very low side-lobe
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levels. For this system, the leading-edge sidelobe level is at a relative magnitude of 14 dB. This is
caused due to imperfections in the waveform and non-linearity of the chirp signal. The first
trailing-edge sidelobe level is at a relative magnitude of 16.85 dB. This is caused due to internal
reflections within the system. This level appears to be high for a single target response, and it may
be attributed to noise from within the system and interference from other external sources. The
nearly 30 dB drop between the peak and the first trailing-edge null highlights the primary
requirement of a distinct, narrow peak. These parameters qualify the performance of the radar

system.
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Figure 3-49: Picture of the transmit (PLL reference) and received IF waveforms on the oscilloscope
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Figure 3-50: Delay-line response of the radar with inset picture showing a close-up of the main peak

The range resolution of the radar is measured at the 3 dB level of the main peak. With a
Hanning window applied, the resolution is 1.45 cm. This characterizes the radar’s ability to discern
between two targets. When combined with the integrated bandwidth of the antenna, the resolution
is further reduced due to the gain variations. Figure 3-51 shows the spectrogram of the IF pulse in
linear domain. The high side-lobe levels and noise in the system may also be attributed to the

Intermodulation Products (IMP) shown in in the figure.
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Figure 3-51: Spectrogram of the received IF pulse

4 Antenna and Feed Network
4.1 Design requirements and challenges

The design strategy for the antenna is based on two types of requirements: electrical and
physical. The features of the radar system set the electrical requirements of the antenna. The
antenna’s bandwidth must be 2 — 18 GHz and preferably have gain with a maximum variation of
6 dB across the bandwidth. A distinct nadir-pointing main-lobe is necessary and low side-lobe
levels help prevent radar clutter. A linearly polarized antenna is designed to obtain all co- and
cross-polarized radar returns. Consequently, this results in four antennas for both transmit and
receive. Isolation between the pair of antennas is essential in FMCW systems to ensure high
receiver sensitivity [17].

The dimensions of the UAS set the physical requirements of the antenna. The radar chassis
is designed to be integrated behind the battery pack in the payload tray. The two realistic options
for integrating the antenna are underneath the payload tray or above the radar chassis on either

side of the rotorcraft. The antenna is designed to mount underneath the tray since detailed
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consideration must be given to vehicle stability when mounted on either side, closer to the main
rotor.

However, this mounting mechanism defines two additional restrictions: planar and height.
The surface area underneath the payload tray is physically and electrically limited to accommodate
four UWB antennas. The vertical distance between the payload tray and landing surface is small
due to the wide angle of the landing legs. Further, a fairing must be designed to prevent physical
damage to the antennas since the carbon-fiber legs flex vertically when the vehicle lands on a hard,
flat surface. Hence, the available space on the rotorcraft for a payload is the primary limitation for
designing an UWB antenna.

Furthermore, due to the 4.54 kg (10 Ib) payload limit of the UAS, the antenna and fairing
system must be lightweight. Dielectric materials such as fiberglass and Delrin plastic are typically
used for aerodynamic structures. However, the challenge is ensuring satisfactory electrical
performance of the antenna with the lossy dielectrics and the (partially or fully) conducting
surfaces of the platform.

4.2 Single Element Design

Microstrip antennas typically have a low-profile and are convenient for structural
integration. The dielectric materials are lightweight and hence are suitable for UAS applications.
However, they tend to have a narrow bandwidth, low gain, and significant ohmic losses. The
required performance is achieved by using design strategies such as different radiating geometries,
feed mechanisms, parasitic elements, matching networks, and arrays [44].

Planar microstrip monopole over a metal plate, metamaterial antennas, and dielectric

resonator antennas have been explored for wideband and UWB performance [45]. Printed
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monopole antennas are described specifically for low-profile integration and the performance of
several geometries are discussed.

A simple circular disc is reported in [46] and the bandwidth is 2.78 to 9.78 GHz. The
radiation pattern is nearly omni-directional at 3 GHz and the maximum directivity changes
direction at 6.5 and 9 GHz. This is also shown in the simulated gain plot for 30°, 90°, and 150°.
The bandwidth may be increased by adding notches but largely retaining the circular feature as
shown in [47]. It operates from 3 to 11.4 GHz and the radiation patterns have a distinct main lobe
for the frequencies shown. The gain profile may be divided into sub-bands and the trend is typical
for UWB printed monopole antennas.

Other simple geometries like a planar triangular monopole [48] and a rectangular patch
with a slotted ground plane [49] have reported bandwidths of 3 to 12 GHz and 2.95 to 13.95 GHz
respectively. In [50], a Teflon-based substrate with dimensions 30 mm x 8 mm x 0.8 mm is
reported with a bandwidth of 2.75 to 16.2 GHz. The monopole geometry is a rectangular patch but
the feed line is a trident-shaped strip and a tapered impedance transformer results in the wideband
resonance.

Complex geometries like fractals tend to have multiple distinct resonances with narrow
bandwidth [44]. However, a combination of fractals at a high iteration number can result in a 1.9
to 16 GHz band [51]. The numerous sequential electrical lengths of every iteration resonate
together at a wide range of frequencies. However, the radiation pattern of fractal antennas often
shifts and the direction of directivity changes across the bandwidth.

Radiating geometries with non-linear curves like tapered exponentials and high degree
polynomials typically resonate across a wide range of frequencies [44, 45]. Surfaces with

monotonically increasing curved edges may be viewed as a composite of parts with incremental
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electrical lengths. As the current moves across the surface, multiple successive resonators radiate
together over a range of wavelengths. Radiation is caused at the curve edge from the fields
generated by the surface current. A typical wideband design that utilizes non-linear curve geometry
is the Vivaldi antenna.

The so-called Newton’s Egg is another non-linear curve that has been explored for
wideband designs [52]. The design in the paper has a bandwidth of 2.9 to 11 GHz. A rotation of
the main radiation lobe is observed as the frequency increases and only the peak gain is reported.
The shape is a closed geometry derived from Newton’s diverging parabolas, which is the third
class of equations in the classification of cubics []. The general form of this type of equation is:

y? =ax3+ bx? +cx+d (4.1)

A reduced form of this equation may be used to form the egg shape []:

y2 =c(x?-1D(x—-b) ,-1<x<1 (4.2)

The geometry of the antenna in this work is based on the Newton’s Egg shape. As discussed
in [52], the Egg’s curvature directly affects the bandwidth of the antenna. The optimal curvature
is parametrically chosen to cover 16 GHz of bandwidth, while the whole shape is scaled-up in size
to shift the starting frequency point down to 2 GHz.

The antenna is designed on a Rogers RT/duroid 5870 substrate of thickness 1.575 mm. It
has a relative permittivity of 2.33 and a dielectric loss tangent factor of 0.0012. The design along
with relevant dimensions are shown in Figure 4-1. Photographs of the front and backside of the
fabricated antenna are shown in Figure 4-2. This antenna design will be referred to as ‘bulb’ in

this work.
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Figure 4-1: Design of the 2 - 18 GHz bulb antenna

Figure 4-2: Front and backside of the fabricated bulb antenna

The length of the ground plane for the bulb antenna is equal to the feed line. This is in
contrast to [52], where there is a small gap of 0.15 mm between the edge of the ground plane and
the base of the Newton’s egg geometry. It is stated that this resulted in optimal bandwidth since
the equivalent capacitance of the gap balances the inductance of the feed line. However, the change
in curvature for the bulb resulted in an optimal bandwidth with no gap

The bulb is designed using a combination of simple shapes as shown in Figure 4-3. This

design method provides a unique set of degrees of freedom which results in a novel shape.
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Furthermore, this method is found to be convenient when performing parametric analysis on
Ansys’ High Frequency Structure Simulator (HFSS) for non-linear, closed 3D surfaces.

Curve fitting is done on the bulb to analytically compare with the cubic equation derived
for Newton’s Egg. A ninth degree polynomial, with robust linear least squares fitting and bisquare
weights, is found to have the lowest root mean squared error. The polynomial equation is shown
in equation 4.3 and its goodness-of-fit statistics are shown in Table 4-1. Figure 4-4 shows a
comparison of the full-scale dimensions of the Newton’s Egg and the bulb curves.

y =ax®+ bx® + cx” +dx® + ex® + fx* + gx® + hx? + kx' + 1 (4.3)
where, a =0.1872,b = —0.8119,¢c = —0.2849,d = 1.211,e = 0.1381,

f =-0.8793,g = 0.0415,h = —0.1428,k = —0.1889, 1 = 0.8587
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Figure 4-3: Construction of the bulb shape in Ansys HFSS for parametric analyses

Table 4-1: Goodness-of-fit statistics comparing bulb curve with the fitted ninth degree polynomial

Sum of squares due to error 0.0231
R-squared (coefficient of determination) 0.9969

Degrees of freedom in the error 191
Degree-of-freedom adjusted (coefficient of determination) 0.9968
Root mean squared error 0.011
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Figure 4-4: Comparison of the full-scale dimensions of the Newton’s egg and bulb curves

The microstrip antenna is fabricated in-house on a LPKF Laser & Electronics PCB milling
machine. Both impedance and far-field measurements are done in an anechoic chamber for the
entire bandwidth. Figure 4-5 shows the return loss simulation and measurement of the bulb
antenna. The simulation model has a bandwidth of 15.68 GHz and the starting frequency is 2.32
GHz. The measurement of the fabricated antenna shows a similar bandwidth but with an increase
in return loss magnitude in the 2 — 8 GHz frequency range. The average difference in return loss
magnitude between simulation and measurement is approximately 3.5 dB. The reduction in
impedance matching at the lower frequencies is caused due to the electrically small size of the
antenna. The increased reflections at 4.33 and 6.67 GHz is acceptable since the operational

transmit power of 1 mW is sufficiently low.
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Figure 4-5: Return loss of single element ‘bulb’ antenna

The radiation pattern of the bulb antenna is measured using the ETS Lindgren Double-
Ridged Waveguide Horn Model 3117 as the reference antenna. Figure 4-6 shows the orientation
of the antenna in both the Cartesian and Spherical coordinate systems. Theta is elevation and Phi
is azimuth for all far-field parameters in this document. Figure 4-7 (a) to (e) show the normalized
radiation patterns for simulation and measurement at 2, 6, 10, 14, and 18 GHz respectively. The

patterns show the change in magnitude of the phi component of the electric field vector for

elevation angles of 0° to 360° and an azimuth of 90°.

-

X Phi

Figure 4-6: Orientation of the antenna in the spherical coordinate system
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The plots in Figure 4-7 show an increase in directivity at theta = 90° and 270° in the entire
frequency band. The radiation lobes are along the Y-axis and at an X-axis level close to mid-point.
Therefore, to point the main beam at the target, the antenna must be integrated vertically such that
the Y-axis is pointing towards nadir. This mounting mechanism reduces the ground clearance
significantly and hence a fairing is required to protect the antennas. The fairing must be light due
to the payload limit but strong enough to withstand vibrational loads and physical damage from
the elements.

The gain at theta = 90° and phi = 90° is shown in Figure 4-8 and the surface current
distribution is shown in Figure 4-9 (a) to (e). There is an increase in the gain trend across the
frequency band, as indicated by an increase in directivity in the pattern plots. However, there are
nulls at three distinct frequency points. The magnitude at 5, 10, and 15.75 GHz for simulation is -
17.24, -10.34, and -0.61 dB. The magnitude at 5, 10, and 15 GHz for measurement is -12.78, -
6.12, and -7.12 dB. The half-wavelength values at the respective frequencies are approximately
29.98, 14.99, and 9.99 mm and the length of the perimeter of the bulb shape is 99.05 mm.

Therefore, the perimeter is 3.3, 6.6, and 9.9 times the respective half-wavelengths.
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Figure 4-7: Radiation pattern of bulb antenna at (a) 2 GHz, (b) 6 GHz, (c) 10 GHz, (d) 14 GHz, and (e) 18 GHz
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Figure 4-8: Gain of bulb antenna at phi = 90° and theta = 90°
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Radiation arises at the edge of the bulb shape due to the surface currents, as seen in Figure
4-9 (a) to (e). The electrical shape may be interpreted as a loop, starting from one point of the feed-
line to the other. Therefore, the radiator is a half-wavelength loop or folded-dipole at 99.05 mm.
The number of peaks and nulls for the current distribution depends on the value of the multiple of
the operating wavelength. This is indicated by the change in number of current hotspots along the
edge of the bulb in Figure 4-9 (a) to (e).

Typically, odd multiples of half-wavelength loop and folded-dipole antennas result in a
null at the mid-point of the antenna. Due to the asymmetry of the bulb curve, the null is at the
widest point of the bulb and is along the nadir axis when the antenna is oriented vertically. Thus,

there is a decrease in gain at the frequency multiples along the nadir direction.
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Figure 4-9: Surface current distribution of bulb antenna at (a) 2 GHz, (b) 6 GHz, (¢) 10 GHz, (d) 14 GHz, and (e) 18
GHz

The nulls at specific frequencies is unavoidable since a single monopole radiator is
responsible for the ultra-wideband resonance. The wavelength across the bandwidth changes from
150 mm to 16.66 mm. This wide range inevitably results in distinct odd-multiples of the bulb
perimeter. To improve the gain at these frequency points, the antenna is grouped to form an array
and this is discussed in the next section. The performance of the array relative to the radar system
is assessed based on the average nadir gain across the entire frequency band. The average gain of

the single element simulation is -1.37 dB and the measurement is -2.17 dB.
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The oscillating change in gain across the frequency band translates to variations in signal
power within the pulse. This can cause problems in the frequency down-conversion process as
discussed in the previous chapter. It can also hinder in interpreting target information during post-
processing. To overcome these problems, sub-band processing is used where the radar returns are
analyzed over discrete bands within the overall bandwidth [53 - 56]. This is discussed further in
Chapter 5.

Antenna designs for UWB applications often report the variation of peak gain across the
bandwidth [46 - 52]. This parameter indicates the maximum total gain at a single frequency point
across all elevation and azimuth angles. The spherical coordinates are not defined for peak gain
since the angle of maximum directivity may be different for each frequency point. Figure 4-10
shows the simulated total peak gain for the bulb antenna. However, this parameter is not useful in
determining the performance of the antenna for radar applications. Since the main beam is required
to point towards the target for the entire bandwidth, the gain at a single direction indicates the true
performance. Hence, Figure 4-8 shows the antenna’s capability for radar applications and Figure

4-10 for general purpose UWB applications.
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Figure 4-10: Total peak gain of bulb antenna
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The axial ratio across the bandwidth at theta = 90° and phi = 90° is shown in Figure 4-11.
The ratio of the x- and y-components of the electric field indicate the polarization of the radiated
wave. The polarization is circular when the components are equal. The theoretical axial ratio is 0
dB, while the practical reference is typically considered at 3 dB. A large axial ratio magnitude
indicates linear polarization and practically the reference is typically considered at 10 dB.
Therefore, the polarization of the antenna at nadir is linear except between 9.4 — 10.1 GHz and
15.8 — 17.5 GHz. Consequently, the polarization loss increases as the axial ratio decreases between
those frequency points and it degrades the backscatter power from the target. However, the effects

are minimized if the gain value at that frequency point is sufficiently high.

60 -
50

40

Magnitude (dB)
w
o

20

10

2 4 6 8 10 12 14 16 18
Frequency (GHz)

O 1 | 1

Figure 4-11: Axial ratio of bulb antenna at phi=90° and theta=90°

4.3 Array Design

The chief deficiency of the bulb antenna is the low magnitude of gain at phi = 90° and theta
= 90°. The measured value is less than 0 dB for 2 to 11.5 GHz and 13.5 to 16 GHz. While the
effect of the variation in magnitude can be diminished, the absolute value is insufficient to satisfy
the system link budget. In section 3.2, the gain of a standard wideband horn antenna is used to

compute the link budget. The horn antenna has a gain varying from 5 to 12 dB and an average gain
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of 10.31 dB. Therefore, the value of the average gain for the bulb antenna is targeted to within 3
dB deviation of the horn antenna.

A total link budget deviation of 6 dB from both transmit and receive antennas is acceptable.
Based on the link budget analysis, an approximate receiver gain of 35 dB is sufficient to detect
typical soil states. From the previous chapter, the measured average receiver gain for both channels
is approximately 43 dB. Therefore, the targeted average antenna gain deviation is within the 8 dB
margin.

To increase the gain, multiple bulb antennas are oriented vertically and arranged in groups
with uniform spacing between them. The salient factors of an antenna array are the number of
elements and the distance between the elements. The design strategy is guided by a compromise
between the electrical performance and ease of integration. The optimal array design, after several
parametric analyses, is four elements with a spacing of 25 mm. The ratio of the wavelength to the
elemental distance is 1/6 at 2 GHz, 5/6 at 10 GHz, and 3/2 at 18 GHz. Figure 4-12 shows an array

of four bulb antennas with both the Cartesian and Spherical coordinate systems.

—_—/

25 mm (OC)

Figure 4-12: Four-element bulb array

The antenna array is grouped and mounted together using a cage-like structure made of a

dielectric material. Delrin acetal resin, a crystalline plastic, is used due to its favorable electrical
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and mechanical properties. It has a dielectric constant of 3.7, dissipation factor of 0.005, and
material density of 1.42 g/cm?. The plastic is suitable for UAS applications due to its high tensile
strength and high fatigue endurance.

Figure 4-13 shows the antenna array and the Delrin mounting structure. The structure is
designed based on antenna performance and the structural loads. The electrical performance is
affected by the dielectric material and hence minimal material usage is preferable. On the other
hand, sufficient material is required to ensure that the mounting structure can handle the vibrational

loads of the UAS.

¢
Theta

59.06 m/

Figure 4-13: Four-element bulb array with Delrin fixture (left) and an exploded view of the array with the fixture
(right)

A balance between the two requirements is achieved by removing the dielectric material at
specific areas. The lid has large gaps to accommodate the main radiation lobe since the top face
would be pointing at nadir when integrated on the UAS. The thick vertical strips of dielectric are
designed to handle the loads of the UAS. Similarly, the material on the walls are removed in a
pattern to provide support to the structure. The lid and the base have slots for the four bulb antennas

to slide in. The whole structure is boxed and held together using screws. The base also has two
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semi-circular extensions on either side that are used for platform integration. The fabricated

antennas within the Delrin fixture is shown in Figure 4-14.

Figure 4-14: A picture of the fabricated four element array within the Delrin fixture

The mounting structure affects the impedance matching of the array through dielectric
loading. The dielectric material around the bulb antennas have a capacitive effect, increasing the
Q-factor. Hence, the return loss trend shifts down in frequency. Figure 4-15 shows the differences
in simulated active return loss with and without the Delrin fixture. Active return loss indicates the
magnitude of the reflected wave at an element, subtracted by the mutual coupling with every other
element.

The dielectric loading also affects the radiation characteristics of the antenna. Figure 4-16
(@) to (e) show the simulated radiation patterns at 2, 6, 10, 14, and 18 GHz for the four-element
array with and without the Delrin fixture. The dielectric losses in the reactive near-field of the
antenna array increase the side-lobe levels. This interference is not a cause of concern since the

increased side-lobes are present at a large angle away from the main lobe.
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Figure 4-16: Radiation pattern of four element array at (a) 2 GHz, (b) 6 GHz, (c) 10 GHz, (d) 14 GHz, and (e) 18
GHz

A four-element array is constructed from a single element by doubling the antenna size
twice. Consequently the gain of the antenna is theoretically increased by 6 dB. However, since the
physical distance between the elements is fixed and the electrical distance varies over a wide range,
the change in gain is not uniform across the bandwidth. Figure 4-17 shows the gain of the four
element array at phi = 90° and theta = 0°.

A vital change from the single element is an increase in gain at the frequency nulls. The
magnitude at 5, 10, and 15 GHz for without the fixture is -2.66, 1.35, 7.72 dB and with the fixture
is -0.61, 5.34, and 10.16 dB respectively. The frequency of the three nulls appear to have shifted
slightly but this is only apparent due to the coarse sampling of the data points. The four element
array (without the fixture) does produce another null at 11.5 GHz. When the data is sampled at a
finer rate, the null is likely closer to 12 GHz since the wavelength is almost equal to the distance
between the elements. The array factor results in grating lobes for this element separation and
decreases the magnitude of the main lobe.

The effect of the dielectric material shifts-down the frequency of the nulls that are present
from 8 to 18 GHz and also significantly changes the absolute value. However, there is minimal

change in gain from 2 to 6 GHz, except the magnitude of the null at 5 GHz. The dielectric losses



97

affect the radiation efficiency when the wavelength is less than the height of the fixture. The

wavelength for 6 to 18 GHz ranges from 49.97 to 16.66 mm, while the height of the fixture is

54.95 mm.
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Figure 4-17: Gain of the four element array at phi = 90° and theta = 0°

The average gain of the simulated array without the Delrin fixture is 5.27 dB and with the
fixture is 6.05 dB. The value of the latter is less than the targeted minimum average gain of 7.31
dB, which is the 3 dB deviation from the average gain of the horn antenna. However, the
requirement of further tuning is determined after accounting for the effects of the platform and the
mounting mechanism and this is discussed in Section 4.5. Figure 4-18 shows the peak gain of the

array and Figure 4-19 shows the axial ratio at phi = 90° and theta = 0°.
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Figure 4-18: Peak gain of the four element array
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Figure 4-19: Axial ratio of the four element array at phi = 90° and theta = 0°

4.4 Feed Network
Two radar channels on transmit and receive connect to the four antennas and each channel
is fed to a four-element array. A feed-network or power divider is required to feed all four elements

of the array. Two crucial characteristics of a power divider are the magnitude of power division
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and the phase shift across each branch. Each antenna element must be fed with equal power and
the signals must arrive in-phase to achieve the required radiation pattern. A difference in input
power causes a change in the pattern shape and side-lobe levels. A phase difference causes a
change in the angular position of the lobes.

The power divider is custom designed and manufactured in-house due to the size and
weight constraints of the UAS. Most commercial power dividers that cover the 2 to 18 GHz range
are either too heavy or too expensive. Moreover, the general purpose enclosures are not suitable
for mounting on the UAS and custom adapters would have to be designed.

The feed-network is based on a Wilkinson power divider. The methodology was developed
by Seymour Cohn as a three-port TEM-mode hybrid and the derivation of the model is described
in [57]. The design of the divider has been reported in [58] along with the important design
parameters and simulations. This section primarily describes the final 1:4 implemented design and
means of integration.

The circuit diagram of the three-port hybrid is shown in Figure 4-20. The input and output
resistors with value ‘Zo’ denote the characteristic impedance and is equal to 50 ohm. The values
of the resistors for the 2 to 18 GHz hybrid are listed in Table 4-2. The 1:2 hybrid shown is cascaded

with two other sections at each output port to form the 1:4 power divider.

+ R8 R7 R6 R5 R4 R3 R2 R1

Zo

Figure 4-20: Circuit diagram of the three-port hybrid with eight resistor sections
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Table 4-2: List of resistor values for the 2-18 GHz three-port hybrid

Label Resistor value (ohms)
R1 680
R2 360
R3 500
R4 360
RS 240
R6 160
R7 750
R8 300

A layout of the microstrip five-port hybrid or 1:4 power divider design is shown in Figure
4-21. The substrate is Rogers RT/Duroid 5880 with a thickness of 0.508 mm. It has a dielectric
constant of 2.2 and a loss tangent of 0.0009. The surface mount, thick film resistors in each 1:2
hybrid section are connected to each other via semi-circular traces. The length of each trace
between a pair of resistors is approximately equal to quarter-wavelength at 10 GHz. The mid-

frequency point is chosen to balance the insertion loss across the band.
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Resistor

76.85 mm

Figure 4-21: Layout of the microstrip five-port hybrid/1:4 power divider

The power divider is placed inside a custom designed Aluminum enclosure and the
dimensions are shown in Figure 4-22. The ground plane of the power divider is coated with a thin
layer of silver epoxy [59] to ensure electrical continuity. The substrate is screwed down into the
enclosure to prevent warping due to the small thickness. Figure 4-23 shows pictures of the
fabricated and assembled power divider. The two holes on the walls of the enclosure near the mid-

point of the power divider are used for platform integration.

/ 79.85 mm

Figure 4-22: Isometric view of the power divider and Aluminum enclosure model
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Figure 4-23: Pictures of the fabricated 1:4 power divider

The primary factors for the Aluminum enclosure design is the size and weight. Four
antenna arrays require four feed networks, therefore a low-profile is necessary. Furthermore, the
components must be positioned appropriately to ensure proper balance for stable flight. It is also
crucial to account for the size and weight of the coaxial cables between the arrays and feed
networks.

The height of the enclosure is determined based on the margin required to accommodate
the connectors. This results in a total height of 8.75 mm and the height between the substrate the
lid is 6.47 mm. While the dimensions of the enclosure are catered to the physical requirements,
the internal gap between the substrate and the lid has an effect on the electrical performance.
When the lid is closed and the enclosure is completely sealed with fastened screws, it results in a
noisy response of the transmission parameters. This is due to multiple internal reflections from the
fringing fields caused at the edge of the microstrip traces. After performing multiple tests using
the VNA, it was determined that the top must not be completely sealed and a small gap is necessary
for ideal performance.

The simulated and measured s-parameters are shown in Figure 4-24 and Figure 4-25
respectively. Port 1 refers to the single, input connector that connects to the radar channels. Ports

2 to 5 refer to the four, output connectors that connect to the antenna array elements. The simulated
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transmission parameters are at the 6 dB level since the signal power is equally divided twice (3 dB
for each division). The measurement largely follows this level from 2 to 10 GHz but the insertion
loss gradually increases from 10 to 18 GHz and the maximum value is approximately -7.5 dB. The
measured return loss is satisfactory across the full bandwidth except for a slight mismatch at 10.86
and 17.02 GHz. The mismatch is not a cause for concern since the increase in return loss is

approximately 1.5 dB and only covers a few KHz of frequency points.
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Figure 4-24: Simulated s-parameters of the 1:4 power divider
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Figure 4-25: Measured s-parameters of the 1:4 power divider
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The measured phase imbalance between each channel is shown in Figure 4-26. The channel
connecting ports one and two is considered as reference and the phase of the other channels are
subtracted from the reference. This indicates the phase difference between each channel and the
plot shows the deviation across the bandwidth. The maximum imbalance occurs at 17.52 GHz and
results in an angular change of 0.079°. The extremely low value of measured phase difference

shows that the signals arrive at the antenna elements in-phase.
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Figure 4-26: Measured channel-to-channel phase imbalance

4.5 Platform Integration

The payload tray is uniquely designed to hold the battery pack of the rotorcraft. Figure 4-27
shows the side and bottom views of the payload tray and the locations of the battery and radar
electronics are highlighted. The underside of the tray has a rib-like structure and is made of carbon
fiber composite material. The Aluminum lined edges on the payload tray have hard points to
integrate external structures. The radar box is held in place by two Aluminum straps attached to
the hard points right above the blue box in Figure 4-27. However, the positions of these hard points

are inconvenient for the designed array. In spite of the fastener points incorporated on the Delrin
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fixture, the orientation of the antenna makes it difficult to integrate to the hard points on the bottom
edge. In addition to the arrays, four power dividers and the coaxial cable connections must also be
installed. Therefore, an additional structure with a different mounting mechanism is required to
integrate the entire front-end.

A rectangular Aluminum sheet of dimensions 59.69 cm by 21.9 cm by 0.13 cm is fastened
to the underside of the payload tray as shown in Figure 4-28. In the forward direction relative to
the rotorcraft, the sheet is fastened at the two hard points on the starboard and port side of the
bottom edges on the payload tray. In the aft direction, the sheet and the radar box are fastened
together at four points, two forward and two aft of the radar box. The Aluminum straps on either
side of the radar box connect the metal sheet to the two hard points as shown in Figure 4-28 . The

sheet covers the entire area occupied by the battery and the radar box.

Battery Radar

Figure 4-27: Side and bottom views of the payload tray with the locations of the battery and radar highlighted

The Aluminum sheet has two functional roles: provide a mechanical solution for array
integration and provide electrical isolation between the arrays and the rest of the vehicle. Holes
are drilled at specific locations on the sheet to fasten the four Delrin fixtures by the two semi-

circular tabs on either side. The arrays are fastened on the underside and the power dividers on the
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topside of the sheet. Two holes of diameter 19.05 mm (0.75 inch) are drilled near the forward and
aft side of the sheet to allow coaxial cables to pass through.

Electrically, the sheet acts as a flat, uniform ground plane and the effects of the platform
on the antenna arrays are excluded. The radar enclosure is an Aluminum box, the battery is packed
in Plastic material, and most of the rotorcraft is made of carbon fiber composite material. These
surfaces scatter the incident electromagnetic (EM) wave and interfere with the nadir pointing
radiation lobes. This can increase the side-lobe levels, distort the main lobe, or rotate the pattern.
Therefore, the metal sheet separates the arrays and the platform and it provides a uniform reference

for the antenna radiation.

—— Aluminum straps

—— Radar box

(O Hardpoint () Power Dividers
(O Load point Coaxial Cables

Figure 4-28: Isometric, side, and bottom views of the metal sheet, radar box, and aluminum straps integrated with the
rotorcraft

4.5.1 Array on metal sheet
The bottom surface area of the Aluminum sheet is 1,307.21 cm? and the bottom surface
area of the Delrin fixture (that fastens to the sheet) is 80.83 cm?. The total area of four fixtures is

24.73% of the metal sheet. Therefore, nearly a quarter of the metal sheet is occupied by the antenna
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arrays. This quantifies the low availability of space and the difficulty in integrating four arrays to
the Vapor 55 rotorcraft. Moreover, this also implies low electrical isolation due to limited physical
space between the arrays.

The arrangement of the antenna arrays is based on the polarization requirements of the
radar. Figure 4-29 shows the orientation of the flight, antenna, and radar parameters relative to
each other. The linear polarization for the system is defined by the direction of the Electric Field
vector relative to the direction of flight and the ground surface. For vertical polarization, the bulb
antenna elements are vertically oriented along the direction of flight, such that the long dimension
of the Delrin fixture is perpendicular to the direction of flight. For horizontal polarization, the
fixture is rotated by ninety degrees such that the long dimension is along the direction of flight.

The corresponding along-track and cross-track radar parameters are also shown in Figure 4-29.
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Figure 4-29: Orientation of flight, antenna, and radar parameters relative to each other

The positions of all four arrays on the metal sheet are shown in Figure 4-30. The transmit
arrays are placed on the front-half of the sheet, while the receive arrays are on the back-half. The

vertically polarized antennas are placed along the short edges and the 13.7 cm long Delrin fixture
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occupies most of the width of the Aluminum sheet. The horizontal arrays are placed along the long
edges but on opposite sides. This ensures maximum separation between the transmit and receive
horizontal arrays. However, it also results in a small physical distance of 1.1 cm vertical gap
between the transmit arrays and a 3.6 cm vertical gap between the receive arrays.

The isolation wall is a rectangular piece of Aluminum with two rounded corners on the
same side and the radius of curvature of the corners is 2.44 cm (0.96 in.) It is placed perpendicular
to the metal sheet at the mid-point, such that the rounded corners are on the bottom side. The two
bottom corners are rounded to accommodate a favorable aerodynamic shape at the edges of the
fairing. The metal wall electrically isolates the transmit and receive arrays and this reduces the

magnitude of signal power feedthrough from the transmitter to the receiver.

- 1.lcm Transmit Arrays

Receive Arrays

Metal +— . .
sheet I:l Vertical Polarization Arrays
73 em :I Horizontal Polarization Arrays
59.7 cm -k I+ Isolation
4.8 ch Wall
Forward Along-track
. Port Starboard T
3.6 ch: '
Aft Cross-track
\ i Iy 1
_ H
P
4.2 cm

21.9cm

Figure 4-30: Top view of the metal sheet showing the positions of the antenna arrays and the corresponding flight
and radar directional references
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The performance of an antenna is highly dependent on the position over a finite ground
plane and the dimensions of the ground plane relative to the operating wavelength. In theory, an
infinite ground plane is typically considered for computations. However in practice, the
characteristics of the antenna may be significantly altered due to diffraction of EM waves at the
edges of conductors. The property of diffraction is explained using Huygen’s principle. When an
EM wave is incident on a corner or wedge, it diffracts around the obstacle as each point on the
primary wave-front may be considered as a source for a secondary cylindrical wave [60].

In [61], the effect of ground plane edge diffraction on the performance of phased array
antennas is discussed. The total field of an antenna placed near the edge of a finite ground plane is
a superposition of the direct reflection due to Geometric Optics (GO) and the diffracted field. It is
shown that the edge effects can cause distortion and rotation of the radiation lobes. Another
example is seen in [62], where the radiation of four monopole antennas in the upper UHF band is
affected by the ground plane edges.

The ground plane edge effects on the Delrin arrays causes a decrease in nadir gain,
specifically at the frequency nulls, and this is due to a rotation of the main beam away from the
ground plane in the forward direction. For the vertically polarized arrays, the rotation is in the
along-track direction and for the horizontally polarized arrays, it is in the cross-track direction.
Therefore, the main beams of all four arrays are spread outward from the nadir target, similar to a
monopulse tracking radar [63].

It is vital to amend the rotation of the radiation lobe since all four arrays must point at the
same target area. Wedge-shaped pieces of Delrin are used to rotate the entire Delrin fixture from
the surface of the metal sheet. The optimal angle of rotation is experimentally determined to be

20° through radiation pattern measurements in the anechoic chamber. The wedges are trapezoidal
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in shape such that one surface lies flat on the metal sheet and the other surface is at 20° relative to
the sheet. A pair of similar wedges are fastened together on either side of the metal sheet through
the drilled holes and the semi-circular tabs on the Delrin fixture. Therefore, four similar pieces of
wedges are required to fasten one antenna array to the metal sheet at the optimal angle. Figure 4-31

shows isometric and side views of the four rotated arrays integrated to the metal sheet.
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Figure 4-31: Isometric and side views of the four rotated arrays integrated to the metal sheet

The effect of array rotation is characterized through simulation and measurement. Figure
4-32 shows a HFSS simulation model of one vertically polarized array, isolation wall, and one-
half of the metal sheet. The model is simulated for two cases: array flush against the metal sheet
(0°) and array rotated at an angle of 20°. Since the wall electrically isolates both halves, one-half
of the metal sheet is sufficient to simulate the EM effects. The reduced model also enhances the
computation time of the simulation. On the other hand, the setup for the measurement involved
the usage of foam pieces and duct tape to maintain the array at the two required positions. The
metal sheet is aligned vertically so that the array is pointed directly at the reference antenna on the

wall of the anechoic chamber.
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Figure 4-32: Simulation model of one vertically polarized array rotated by 20° with the isolation wall and one-half
of the metal sheet

The active return loss of the array is shown in Figure 4-33. The effect of rotation does not
have a significant effect on the return loss and the highest return loss of -7.21 dB is acceptable for
the RF section of the radar. The measurement is distinctly different from the simulation between

2 and 14 GHz, however the magnitude is within acceptable (usable) range.
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Figure 4-33: Active return loss of the array mounted under the metal sheet with isolation wall

The cross-track radiation patterns for 2, 6, 10, 14, and 18 GHz are shown in Figures 34 (a)
to (e). The plots show the normalized values of the magnitude of the electric field vector at phi =
90° and theta varied from 0° to 360°. The effect of rotation is minimal since the radiation lobe and

array are rotated in the along-track direction for the vertically polarized arrays. The changes in
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side-lobe levels are caused due to the non-uniform distance between the array and the ground plane
(metal sheet). The consequence of array rotation is seen in the nadir gain plot shown in Figure

4-35. The criteria for experimentally determining the optimal rotation angle is the magnitude of

the nadir gain of the array.
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Figure 4-34: Radiation pattern of four element array with metal sheet at (a) 2 GHz, (b) 6 GHz, (c) 10 GHz, (d) 14
GHz, and (e) 18 GHz

In Figure 4-35, the simulated nadir gain without array rotation shows two deep nulls at 4.5
and 15.5 GHz and a low magnitude of -2.45 dB is seen at 11.5 GHz. These three data points are
close to the previously discussed frequency nulls at 5, 10, and 15 GHz. The array is rotated in steps
of 10° and multiple far-field measurements are performed in the anechoic chamber to improve the

magnitude of the nulls. The optimal angle relative to all the nulls and magnitude of average gain

is experimentally found to be 20°.
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Figure 4-35: Nadir gain of the array mounted under the metal sheet with isolation wall (phi=90°, theta=180°)
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The increase in gain is evident from the simulation and measurement nadir gain traces with
array rotation. From Figure 4-36, the magnitude of the first null for the measurement is -4.19 dB
at 5.25 GHz. Instead of the second null typically seen at 10 GHz, there is a decrease in magnitude
of 0.87 dB at 8.5 GHz and 2.53 dB at 13 GHz. The third null at 15.5 GHz is completely eliminated
and the value at the 16 GHz dip is 5.32 dB. In terms of the magnitude of the gain for the link
budget within the bandwidth of the pulse, only one null with a low value exists at 5.25 GHz.

The value of the average nadir gain for the measurement with array rotation is 7.06 dB.
The scattering from the metal sheet has resulted in an increase of 1.01 dB in average nadir gain,
relative to the standalone array with Delrin fixture. A low value of increase in gain is attributed to
the closely spaced, non-uniform ground plane (metal sheet) distance. For a target average gain of
7.31 dB, the difference with this setup is 0.25 dB.

In Section 4.2, under the single element design, it was alluded that the variations in gain
within the pulse may hinder the interpretation of target information. To overcome this problem,
the entire frequency band is divided into sub-bands that contain a maximum gain variation of 6
dB. This is a typical maximum value over which the processing gain may be uniformly applied,
however this is adaptive based on the total dynamic range of the received waveform. In Figure
4-35 and Figure 4-36, four sub-bands are highlighted: 2 — 4.8 GHz, 5.7 — 8.3 GHz, 9 — 11.3 GHz,
and 13.3 — 18 GHz. The backscatter response is divided into each sub-band and individually
processed. The final transform of each sub-band is stitched together to obtain an equivalent

response of nearly the entire band.
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Figure 4-36: Measured nadir gain of the rotated array, mounted under the metal sheet with isolation wall. The
highlighted sections denote sub-bands with 6 dB variation in gain

4.5.2 Electrical isolation between arrays

In FMCW radar systems, the electrical isolation between the transmit and receive front-
ends is particularly important. The signal from the transmit array is fed through directly to the
receive array and this fixed propagation time typically sets the minimum detectable range for the
radar. The leakage signal raises the noise floor and it decreases the sensitivity of the receiver
[Skolnik]. The physical constraints of the platform typically set the ceiling limit of the isolation.
However, in many cases, additional isolation is achieved by integrating external components like
an isolation wall.

Primarily, the required isolation is dependent on the saturation level of the receiver. This
is typically the value of the 1 dB compression of the LNA or the mixer. The performance of the
receiver can be improved by targeting a higher isolation based on the maximum rejectable SNR
and the minimum detectable SNR [64]. The best isolation is achieved by considering the minimum

detectable signal based on the dynamic range of the ADC.
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Due to the limited physical space available for the antenna arrays, a pragmatic target is set
for the electrical isolation. The range is based on the expected received power for the various types
of soil. The absolute minimum level is still dictated by the compression point. However, the
expected minimum isolation is for the maximum received power for high moisture and smooth
soil. The receiver is expected to be isolated for at least the best target return. The preferred isolation
level is the minimum received power for low moisture and rough soil. This ensures that the receiver
is isolated from the transmitter for all expected types of target. The absolute maximum level or
best possible is the minimum detectable signal, which isolates the full dynamic range.

The upper limit of the receiver is based on the lowest value of the 1 dB compression point
in the receiver chain. Typically, this is either the mixer or the ADC. In this case, the mixer has the
lowest compression point of +5 dBm. The LNA is the only preceding component in the receiver
chain and with a gain of 17 dB, the maximum input power into the receiver is -12 dBm. The full
voltage scale of the ADC is 2.5 Vpp and this is equivalent to an upper limit of +12 dBm. The
ENOB of the ADC is 12 bits and this implies a dynamic range of 72 dB. Therefore, the lower limit
of the ADC is -60 dBm. For an average receiver gain of 43 dB, the Minimum Detectable Signal
(MDS) for the receiver is -103 dBm. These values and their significance are shown in Figure 4-37
in a rotary format.

As previously discussed in Section 3.2, under the Link Budget section, the largest received
power expected for the most favorable soil condition, in terms of backscatter properties, and at the
lowest range of 50 feet is -34.97 dBm. Therefore, the realistic minimum isolation between the
arrays is set to be 35 dB. Similarly, the smallest received power expected for the least favorable
soil condition and at the highest range of 400 feet is -95.04 dBm. Therefore, the realistic maximum

isolation between the arrays is set to be 95 dB. These values are also shown in Figure 4-37.
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Figure 4-37: Rotary representation of the isolation range between antenna arrays and other salient power parameters
of the RF sub-system

In the case of [64], for an S-band system with 1 GHz bandwidth and a maximum rejectable
SNR of -30 dB, an isolation of 81 dB is required. This isolation requirement appears to be high
but their system features higher transmit power, higher maximum power into receiver, and higher
noise figure. On the other hand, in [63] it is discussed that when restricted by the nature of the
application, large isolation may not be possible. It is reported that, on space restricted platforms
such as missiles, typical isolations might be about 20 dB at L-band , 50 dB at X-band, and 70-dB
at K-band. Therefore, in this work, for a transmit-receive array isolation range of 35 dB to 95 dB,
an average isolation of 65 dB across the bandwidth is targeted.

A picture of the four arrays on the metal sheet is shown in Figure 4-38. The setup has the
isolation wall and fairing brackets installed on the sheet. Semi-rigid coaxial cables are used to
achieve optimal routing and repeatable insertion loss performance. In another setup, two RF
absorber foams of dimensions 21.9 cm by 4.8 cm by 7.6 cm are taped in place on either side of the

isolation wall. The absorbers provide further attenuation and thereby increase isolation.
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Figure 4-38: Photographs of the four arrays on the metal sheet with the isolation wall and RF absorbers

Transmission parameters or Sp1 measurements are performed on a VNA between each
polarization array. When a set of arrays are under test, the other two arrays and power dividers are
terminated. So; measurements are done between both sets of arrays, with and without RF absorbers
and the results are shown in Figure 4-39 and Figure 4-40.

The isolation between 2 — 3 GHz is relatively low due to the shorter electrical distance
between the arrays. As the wavelength decreases, the isolation gradually increases. The minimum
isolation with absorbers is -40.27 dB at 2.44 GHz for vertical polarization and -36.79 dB at 2 GHz
for horizontal polarization. The difference with and without absorbers for vertical polarization at
2.44 GHz is 3.21 dB. However, for horizontal polarization, due to a difference in orientation and
distance, a significant amount of attenuation is observed between 3 — 8 GHz. The maximum
isolation with absorbers is -75.67 dB at 16.93 GHz for vertical polarization and -73.02 dB at 17.29
GHz for horizontal polarization. The average isolation with absorbers is -58.72 dB for vertical

polarization and -59.26 dB for horizontal polarization. The respective isolation for the arrays are
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off by 6.28 dB and 5.74 dB from a target of -65 dB. Nonetheless, an average isolation of close to

60 dB is sufficient to detect most soil types.
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Figure 4-39: Measured transmission s-parameters between the vertically polarized arrays with and without RF
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Figure 4-40: Measured transmission s-parameters between the horizontally polarized arrays with and without RF

absorbers



120

4.5.3 Array with feed network and fairing

In Section 4.4, the power divider issue of a noisy transmission response when the top
opening is completely covered was discussed. The experimentally determined solution is to leave
a small gap between the walls of the enclosure and the top covering. This reduces the effect of the
internal reflections on the signal.

The lid is designed to protect the power divider from the weather and the elements during
flight. To work around the electrical performance problem, the feed network is flipped, such that
the top is face-down, and then fastened to the metal sheet. Multiple washers are used on the
fasteners to maintain a small gap between the enclosure and the metal sheet. The metal sheet
effectively functions as a lid and protects the power divider. The positions of the power dividers

on the metal sheet are shown in Figure 4-41 and a picture of the top side is shown in Figure 4-42.
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Figure 4-41: Top and isometric views of the power dividers integrated to the metal sheet along with the fairing
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A cuboid shaped fiberglass is designed and the dimensions are shown in Figure 4-41. The
corners and edges are curved to make the shape aerodynamic and the radius of curvature is 2.54
cm. The fairing is a monolithic panel of four layers of S2 fiberglass/epoxy prepreg material. The
walls of the fairing are bolstered with ten layers of fiberglass and the extra layers are along the
entire fairing at a height of 5.33 cm. The thickness of the side walls are increased since they are
fastened to the brackets on the metal sheet and it ensures that the fairing can withstand the
vibrational loads. The extra layers of the fiberglass can be seen as a dark yellow band on the fairing

in Figure 4-42,

Ten-layer
fiberglass strap

Four-layer
fiberglass body

Figure 4-42: Pictures of the integrated and separated metal sheet and fiberglass fairing

The results showing the effects of the power divider and the fairing are shown Figure 4-43
and Figure 4-44. The active return loss of the antenna array is not shown since the measurement

is performed at the input of the power dividers. Therefore, the signal reflections are observed at
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the input of the power divider when the output impedance is referenced to the antenna’s input

impedance. Hence, the far-field measurements are used to compare the changes in performance.
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Figure 4-43: Radiation pattern of four element array with and without power divider and fairing at (a) 2 GHz, (b) 6
GHz, (c) 10 GHz, (d) 14 GHz, and (e) 18 GHz
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The radiation patterns at 2, 6, and 10 GHz show an increase in side-lobe levels, as seen in
Figure 4-43 (a) to (e). The power dividers change the input impedance of the antenna and the
fairings are in close physical proximity to the antennas. This changes the surface current density
on the metal sheet and it increases the side-lobes. The change in reflections from the metal sheet
are also seen in the nadir gain plot in Figure 4-44. There is an increase in gain in the first three
sub-bands with power divider and fairing. The nadir gain values at 3, 8, 10, and 12 GHz are 12.41,
12.25, 10.1, and 10.79 dB. There are nulls of magnitude -0.68 dB at 5 GHz, -0.22 dB at 13 GHz,
and -0.99 dB at 17.5 GHz, however the values are large enough to be sufficient for the link budget.
From the plot, it is evident that the power divider has a larger effect on the antenna performance
than the fairing. The average gain without either part is 7.06 dB, with power divider is 7.88 dB,
and with both the divider and the fairing is 7.97 dB. Therefore, this satisfies the goal of reaching

within the 3 dB deviation of the average gain of the horn antenna.

18 -
—Without power divider and fairing
16 - —With power divider but without fairing
With power divider and fairing
14 -
12
@ 10
=
L8 \/
=
5 ° A
< I
= 4
2 |-
O |-
-2 Sub-band 1: Sub-band 2: Sub-band 3: Sub-band 4:
4 2.0-46GHz 56-84GHz, 9.0-121GHz 13.3-180GHz ‘
2 4 6 8 10 12 14 16 18

Frequency (GHz)
Figure 4-44: Measured nadir gain of the integrated array with power divider and fiberglass fairing

4.5.4 Final setup with rotorcraft
The front-end design for the Helo-Snow radar comprises of numerous components and an

isometric view of the full setup is shown in Figure 4-45. The basic element is a bulb shape
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microstrip monopole antenna and each array has four elements. The arrays are enclosed in a Delrin
fixture and fastened at an angle of 20° to the metal sheet. Four 1:4 microstrip power dividers
connect the radar channels to the antenna arrays. The transmit and receive arrays are separated by
an isolation wall sandwiched between two pieces of RF absorbers. A four- and ten-layer fiberglass
composite fairing protects the arrays. The previous sections detail the design and results of each

component progressively added to the setup. The final step is analysis with the platform itself.

aj[e]
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Figure 4-45: Isometric view of the assembled metal sheet, antenna arrays, isolation wall, power dividers, fairing, and
radar box on the rotorcraft

The final tests with the rotorcraft are of two types: Structural and Electrical. All parts except
the connectors, cables, brackets, and fasteners of the front-end are custom made in-house. The
numerous parts must correctly stay fastened together during the entire flight to ensure stability and
proper operation. Therefore, it is vital to assess if the custom structures are capable of tolerating
the vibrational loads of the rotorcraft.

All components of the front-end are assembled on the rotorcraft and a picture of the full
setup is shown in Figure 4-46. The vehicle is flown at the Remote Control (RC) field in Lawrence,

Kansas and a picture from one of the flight tests is also shown in Figure 4-46. A series of basic
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maneuvers like roll, pitch, and yaw are performed and then inspected for any changes. The tests
are done multiple times and the longest duration of continuous flight was approximately 30
minutes. However, the intended flight time for data collection is 45 — 60 minutes. Nonetheless, all

components passed quality checks and the front-end is certified for flight.

Figure 4-46: Photographs taken during a flight test to assess the vibrational stresses on the custom built structures

The electrical test involved the rotorcraft inside the anechoic chamber. The far-field

measurements are performed on the entire setup and this required constructing a test fixture to hold
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the rotorcraft. In Figure 4-47, the picture on the left shows the entire test setup in the chamber. A
custom test fixture made of balsa wood is built to hold the rotorcraft vertically, such that the aft
direction is pointed down. This is required to measure the nadir point and the arrays must point
directly at the chamber wall antenna. The rotorcraft and the balsa wood fixture are placed on a
pink foam stand, such that the tail passes through a hole in the stand. This provides a base and also
sets the correct height between the arrays and the chamber wall antenna. In Figure 4-47, the picture

on the right shows a close-up of the test setup taken during far-field measurements.

Figure 4-47: Photographs of the radar front-end (with fairing removed) on the rotorcraft taken inside the anechoic
chamber during the far-field measurements

The result for the final setup in shown in Figure 4-48. This is compared with the previous
return loss result in Figure 4-33, which showed the measured active return loss of the array
mounted under the metal sheet with the isolation wall. The similarity between the two results

indicate that the rotorcraft has minimal effect on the impedance measurement of the antenna. The
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metal sheet provides high isolation such that the port reflections under the sheet are mostly
unaffected by the various conductors on the platform. This is also evident in the similarity between

the radiation pattern traces in Figure 4-49 (a) to (e).
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Figure 4-48: Measured active return loss of the transmit arrays with the rotorcraft and fairing (no power divider)

The highest return loss value is -7.22 dB at 5.23 GHz and the other points of impedance
mismatch are -7.69 dB at 2.83 GHz, -9.43 dB at 8.27 GHz, -9.2 dB at 13.83 GHz, and -7.96 dB at
16.49 GHz. As previously discussed, these points of increased reflections are caused due to the
interaction with the metal sheet. Further, the reflected power is within the reverse isolation range
of the RF switch and the LNAs. The effect of the variation in signal power within the band may
be pre-emptively fixed by amplitude shaping the digital waveform. There is a good match between
the return loss of the transmit arrays. The horizontally polarized array’s response is noisier relative
to the vertical array and this could be caused due to connector and cable issues or mismatch with
the power divider.

The radiation patterns at 2, 6, 10, 14, and 18 GHz are shown in Figure 4-49 (a) to (e). In

spite of the isolation from the metal sheet, the position of the arrays at the edge of the sheet cause
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the platform to have an effect on the side- and back-lobes. At 18 GHz, there is a rotation in the
main lobe by approximately 10° and an average increase in side-lobe levels. The platform has a
greater effect at the higher frequencies due to increased backscatter and free-space loss. Since soil
is an extended radar target, the downsides of the antenna characteristics are minimized. However,

further improvement is required to improve the sensitivity of the radar.
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Figure 4-49: Radiation pattern of four element array on the full setup with rotorcraft at (a) 2 GHz, (b) 6 GHz, (c) 10
GHz, (d) 14 GHz, and (e) 18 GHz

The measured nadir gain of the transmit vertically polarized array on the full setup is shown
in Figure 4-50. The platform effect is non-uniform due to the asymmetrical physical shape of the
rotorcraft. The peak nadir gain is 15.88 dB at 10 GHz and the lowest is -5.63 dB at 13 GHz. There
are effectively three nulls as the null at 1.23 dB in sub-band 4 has a large enough magnitude so
that the three highlighted bands may be merged into a single one. The magnitude of the other two
nulls is 2.49 dB at 5.5 GHz and 4.24 dB at 8.5 GHz. As previously discussed, each sub-band
highlights a maximum of 6 dB variation in nadir gain and each band is processed individually. The
equivalent backscatter response of the full pulse is stitched together from each sub-band.

The average nadir gain with power divider and fairing is 7.97 dB and with the final setup
is 8.34 dB. The goal of having the nadir gain of the bulb antenna array within the 3 dB deviation
of the average gain of the standard horn antenna is achieved. This satisfies the link budget

requirements of the radar system. In addition to the signal processing techniques and digital
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waveform shaping, the front-end is suitable to measure surface backscatter of extended targets like
soil and snow.

20

—With power divider and fairing
15.88dB —Final setup (with rotorcraft)

15

10

Magnitude (dB)
"/

4.24dB -/
2.49dB ' ——
0 u / 1.23dB
5 || -5.63dB
Sub-band 1: Sub-band 2: Sub-band 3: Sub-band 4:
20-48GHz 5.8-8.2GHz 92-126 GH; 13.3-18 GHz 7
) 2 4 6 8 10 12 14 16 18

Frequency (GHz)

Figure 4-50: Measured nadir gain of the transmit vertically polarized array on rotorcraft with fairing and power
dividers

5 Field Experiment

The full system tests are performed behind Nichols Hall at the University of Kansas
campus. The test area is a patch of land with approximately two to three inches of mowed grass.
A large metal sheet with dimensions approximately 1.83 m by 1.83 m (6 feet by 6 feet) is used for
calibration.

The tests described in this section are initial proof-of-concept measurements. They are
divided into two sub-sections: VNA measurements and 1U radar measurements. The antenna
front-end system is separately characterized with metal and soil targets using a four-port VNA. A
VNA is a transceiver primarily used for impedance measurements but can be setup to function as
a radar. The crucial feature of this test setup is that the VNA and the cables can be calibrated such

that the measurement is normalized and only the effect of the front-end on the target is recorded.
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Further, the effects of the front-end may be corrected in the radar data to accurately discern target
returns.

A large, 1U version of the RF section described in Section 3 is used for the radar
measurements [42]. This design was the basis of the miniaturized system. The 1U system uses the
same architecture of the miniaturized version. The test setup included the same Arena module to
be used in the miniaturized rendition as the digital backend. The detection of soil moisture through
these tests paved the way for assembling the miniaturized version on the Vapor 55.

In Section 3, the radar system is validated through the delay-line measurement. It
characterizes the ability of the radar to detect a single point target but without the front-end. The
effects of the antenna characteristics on the radar signal is discussed in Section 4. The impact of
the front-end at distinct frequency points indicates the performance within a single pulse. However,
when the full system is integrated together, the front-end also affects the signal in fast time. Figure
5-1 shows a simplified picture of signal transmission relative to the front-end and the respective
radar response measurement.

In Section 4.2, the current distribution of the single element shows that the surface current
flows symmetrically along the perimeter of the bulb. When placed under the metal sheet, the
radiation arises at nadir towards the soil and at zenith towards the metal sheet. In Section 4.5.1,
the antenna is integrated such that the reflected wave from the metal sheet is intended to be the
primary signal. Hence, the array is rotated so that the main radiation lobe is pointing at nadir and
maximum gain is achieved. The consequence of achieving this favorable characteristic results in

two transmit signals.
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Figure 5-1: Effect of the front-end assembly observed in the frequency-domain response of the VNA and radar
measurement

The first signal, shown as the red arrow in Figure 5-1, is the direct transmission from the
antenna. The second signal is reflected off the metal sheet and is shown as the green arrow. The
yellow circle on the antenna array denotes the phase center. The distance from the phase-center to
the metal sheet along the 20° line towards nadir is 3.82 cm and the shortest distance between the
phase-center and metal sheet is 3.44 cm. Therefore, as the second signal gets reflected from the
metal sheet, the first signal is 7.64 cm away in the nadir direction.

The frequency domain response of the received signal relative to fast time is shown on the
right side in Figure 5-1. The first received backscatter signal is the first signal from the direct
transmission. As the second signal arrives at the receive antenna, a portion of the first signal that
is not received proceeds past the phase center towards the metal sheet. The first signal reflects off
the metal sheet and arrives at the phase center at the same time as the second signal. Hence, the
second backscatter signal is a combination of the second signal reflected at transmit and the first
signal reflected at receive. Similarly, the third backscatter signal is the second signal reflected at

receive.
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The position of the three backscattered signals relative to each other for VNA and Radar
measurements is shown in Table 5-1. The values are from the calibration measurements performed
with the large metal sheet. The difference between the co-polarized measurements and the distance
from the phase-center to the metal sheet ranges from 0.6 cm to 1.7 cm. Similar difference in the
relative received power are also observed for both co-polarization measurements. On the other
hand, the relative positions for cross-polarization are significantly different and more tests must
be performed to determine the reason for deviation.

The criteria for the proof-of-concept is to detect differences in backscatter between dry and
wet soil. Multiple polarization measurements are recorded for three distinct look angles. The entire
front-end is rotated about the longer dimension such that the antenna beam is rotated in the cross-
track direction. The moisture state of the soil at the beginning of the test is considered as dry and

after recording the measurements, a watering can is used to uniformly dampen the test area.

Table 5-1: Difference in range and relative power between the three backscatter signals for VNA and Radar tests with
large metal sheet calibration

VNA Radar
Difference in Range Difference in Difference in Range Difference in
Measurement ) )
T (cm) Relative Power (dB) (cm) Relative Power (dB)
ype
1% and 2" and 1%t and 2" and 1%t and 2" and 1%t and 2" and
2" signal | 3" signal | 2" signal | 3"signal | 2" signal | 3signal | 2" signal | 3" signal
Co-pol.
) 8.6 8.93 4.89 6.31 8.24 9.94 5.61 8.38
Vertical
Co-pol. 10.31
] 8.82 9.93 6.25 7.79 8.62 6.04 6.22
Horizontal (8.4)
Cross-pol.
) 6.62 4.96 9.19 3.85 18.55 12.37 7 3.1
Vertical
Cross-pol.
) 5.41 6.51 10.03 7.05 - - - -
Horizontal
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The precise amount of water is not recorded as the goal of this test is to only discern
between dry and wet state. The correlation between the backscatter changes and the exact change
in moisture is out of scope for this work. To accurately determine the relative backscattering
coefficient for each soil state a large sample space of soil measurements is required. Meaning, data
must be recorded over a large piece of land instead of a single, static test area. Hence, for the initial
tests, only the relative received power for each soil state is compared. The backscatter signatures
that are indicative of soil moisture content will be used as reference for future tests with the
miniaturized system on the UAS.

5.1 Vector Network Analyzer and front-end

The antenna front-end is suspended at a height of approximately two meters from the
ground using a wooden fixture as shown in Figure 5-2. A wood panel is fastened to the payload
tray brackets on the metal sheet. This assembly is attached to the triangular mount on the central
rail of the wooden fixture. A close-up of the integrated assembly is shown in the inset of Figure

5-2.
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Nadir test area

15 degrees additional
test area

30 degrees additional
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Figure 5-2: Picture showing the test setup for the VNA measurements

The four-port N5230C PNA-L Vector Network Analyzer and N4433A Electronic
Calibration Module (ECal) by Keysight are used for the tests. All four polarization measurements
are performed at three look angles and for two soil states. The data products discussed in this

chapter are a combination of these variables and they are shown in Table 5-2.

Table 5-2: List of variables for the data products

Soil State | Look Angle Polarization
Dry 0 degree Co-polarization Vertical
Wet 15 degrees Co-polarization Horizontal
30 degrees Cross-polarization Vertical
Cross-polarization Horizontal
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In addition to electromagnetic measurements, in-situ soil samples are collected to perform
gravimetric measurements. Figure 5-3 shows the locations of the soil samples collected relative to
the test fixture. The samples are weighed and then baked in a convection oven for 24 hours. Table
X shows the values of the weights and the respective gravimetric moisture content. The
measurements clearly indicate a change in moisture content between the dry and soil states. The
average water content for dry soil is 36.97%, for wet soil is 46.44%, and hence there is an average

change of 9.5% between the two moisture states.

Soil sample locations

Figure 5-3: Pictures showing the locations of soil samples collected for determining gravimetric water content

The backscattering coefficient is dependent on the moisture content and surface roughness.
To minimize the change in surface roughness, the samples for dry soil measurements are collected

€A% 2.0

from locations ‘a’, ’c’, and ’¢’. These are intentionally collected away from the nadir point of the
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antenna footprint. To maximize the detection in moisture, the samples for wet soil measurements

are also collected from locations ‘b’, ’d’, and ‘f’. It is assumed that the soil moisture in the ground

is similar over a distance of two meters.

Table 5-3: List of recorded weight of soil samples and the evaluated gravimetric water content

. Weight of Weight of . .
.| Weightof| . . Gravimetric
Sample| Measurement |Location| original sample| dried sample
jar (g) ] . water content
and jar (g) and jar (g)

A Nadir Dry a 144.65 209.96 193.64 33.31%

B 15 degrees Dry c 145.23 233.64 208.84 38.99%

C 30 degrees Dry e 144.94 217.71 197.44 38.61%

D Nadir Wet a 144.8 201.02 183.89 43.82%

E Nadir Wet b 144.73 233.9 202 55.7%

F 15 degrees Wet c 144.18 208.5 186.86 50.7%
G 15 degrees Wet d 144.39 207.49 189.89 38.68%

H 30 degrees Wet e 144.39 224.52 199.18 46.25%

| 30 degrees Wet f 144.89 220.3 197.45 43.47%

The gravimetric measurements provide a true reference for the change in moisture states

when comparing the backscatter responses. On the other hand, the reference for time of arrival and

backscatter profile is provided by the large metal sheet. The radar system and the soil responses

are calibrated against the response to the large metal sheet. Figure 5-4 shows the frequency domain

response of the VNA for the large metal sheet and Table 5-4 shows the values for the data points

labeled in the figure.
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Figure 5-4: Frequency domain response of the VNA for large metal sheet calibration

Table 5-4: Range and relative power values for the data points marked in Figure 5-4

Signal T Label R ) Relative Received
igna e abe ange (m
’ P : Power (dB)
11 4.9544 -9.81
12 4.9809 -17.6
Transmit leakage
13 4.9544 -17.13
14 4.9754 -16.23
fl 8.5798 -0.99
2 8.582 0
First backscatter
f3 8.5831 -15.18
f4 8.5875 -20.63
sl 12.75 -18.36
Second reflected 82 12.7599 -17.57
backscatter s3 12.9926 -37.15
s4 12.8426 -31.13

138
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The first band of signals received is the leakage from the transmitter (highlighted in tan
color). This is easily removed with further signal processing as the leakage is fixed and constant
in fast time. The second band of signals is the return from the large metal sheet (highlighted in
light yellow color) and the third is the double-reflection as the signals are re-transmitted from the
antenna front-end metal sheet towards the calibration target (highlighted in rose color).

In the first backscatter, the magnitude of the peak of the cross-polarized components are
19.64 and 15.18 dB below the respective vertical and horizontal co-polarization components. The
two sharp peaks for the vertical and horizontal polarizations indicate the primary return from the
calibration target. The difference between the maximum value of the peaks in the first and second
backscatter indicates the two-way range between the antenna front-end and calibration target. The
difference between the peaks is 4.1779 m and therefore the VNA detects the calibration target at
2.089 m below the antenna front-end. The range vector in the frequency-domain plots is relative
and does not indicate the absolute value of the target range. The signal fast time includes the
propagation delay through the coaxial cables and hence further correction is necessary.

The frequency-domain response for dry soil at nadir, 15°, and 30° look angles is shown in
Figure 5-5 () to (c). There is sufficient backscatter at nadir for the relatively dry soil to result in a
second reflected backscatter similar to the large metal sheet calibration. The difference between
the first and second backscatter for the metal sheet is 17.37 dB for vertical and 17.57 dB for
horizontal co-polarization. Similarly, for dry soil at nadir, the difference is 26.54 dB and 26.44 dB
respectively. Therefore, the dry soil causes extra attenuation of 9.17 dB and 8.87 dB respectively

relative to the large metal sheet.
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Figure 5-5: Frequency domain response of the VNA for dry soil at (a) Nadir, (b) 15 degrees, and (c) 30 degrees look

angles
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Figure 5-5 (a) to (c) show the change in the trend of the first backscattered signal as the
look angle is changed. The magnitude of the peak for vertical co-polarization changes from -0.95
dB at nadir to -5.9 dB at 15°, and to -14.01 dB at 30°. Similarly, for horizontal co-polarization it
changes from 0 dB at nadir to -4.64 dB at 15°, and to -6.68 dB at 30°. Therefore, based on the
trend, horizontal polarization provides a stronger backscatter than the vertical component for dry
soil at different look angles in the cross-track direction. This is also observed for cross-polarization
in the same figures.

The response for wet soil at nadir, 15°, and 30° look angles is shown in Figure 5-6 (a) to
(c). Similar to dry soil in Figure 5-5 (a), there is a second reflected backscatter for wet soil as
shown in Figure 5-6 (a). However, there is a decrease in magnitude by an average value of 4.68
dB. The difference between the first and second backscatter is 29.49 dB for vertical and 28.76 dB
for horizontal co-polarization. Therefore, the wet soil causes extra attenuation of 12.12 dB and
11.19 dB respectively relative to the large metal sheet. The increase in moisture relative to dry soil
decreases the difference between the first and second backscatter by 2.95 dB and 2.32 dB
respectively.

The peak magnitude of the first and second backscatter decreases, however there is an
increase in relative received power over successive range bins. The maximum power received from
the nadir point decreases as the average power over the entire antenna footprint area increases. The
effect over a wider range is seen in the close-up of the soil returns for vertical and horizontal co-
polarization in Figure 5-7 (a) and (b). The tables beside the figures show the values of the data

points labeled in the figures.
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Figure 5-7: Close-up of the VNA soil return for (a) Vertical and (b) Horizontal co-polarization

To analyze the widening of the backscatter response, a point of 10 dB from the peak is
chosen as the cut-off to include approximately 90% of the average received power. The difference
in range from the peak to this cut-off is compared for each look angle and soil state. In Figure 5-7
(@), the cut-off for dry soil at nadir is 0.0879 m away from the peak and for wet soil it is 0.1934 m.
Therefore, the relative received power at nadir for wet soil has increased at more than twice the

range for dry soil.
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Similarly at 15°, the cut-off for dry soil is 0.0703 m from the peak and 0.0879 m for wet soil.
However, the peak power does not occur at the same range bin for both soil states. The relative
received power for wet soil at the same range bin of the dry soil is lower by 0.52 dB from the peak
power of the wet soil. If the cut-off is considered from the same range bin, the value for wet soil
is 0.2461 m. Therefore, the power at 15° for wet soil has increased at more than thrice the range
for dry soil.

At 30°, the cut-off for dry soil is 0.1055 m from the peak and 0.123 m for wet soil. Similar
to the 15° case, the peak power does not occur in the same range bin as the dry soil. The power at
the same bin for wet soil is 3.23 dB lower from the peak and the cut-off from this point is 0.2461
m. Therefore, the relative received power at 30° for wet soil has increased by more than twice the
range for dry soil.

On the other hand, for horizontal polarization in Figure 5-7 (b), the relative received power
for wet soil increases nearly twice the range for nadir and 15° and close to one-half times at 30°.
The moisture content increases the power received from a section of the footprint area but is
distinctly less than vertical polarization. However, as mentioned previously, the peak power of the
backscatter for horizontal polarization is larger. In particular, the relative received power increases
by 6.18 dB for dry soil at 30°, 1.64 dB for wet soil at 15°, and 5.97 dB for wet soil at 30°.

In addition to calculating the deviation in range at the 10 dB cut-off, the curves are
normalized and the trapezoidal area under the curve is computed. Figure 5-8 shows the normalized
plots and a table shows the area under the normalized curve for each look angle and soil moisture
state. There is a clear distinction in the width of the curves between the dry and wet soil states

except for horizontal polarization at 30°. The exception is due to an increase in peak power of 1.44
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dB and a decrease in average power over an area due to dominant forward scattering at 30° for
high moisture.

The increase in received power over a wider range can be easily discerned by the
highlighted sections (not at 10 dB cut-off) in Figure 5-9 (a) to (c). Figure 5-9 (a) also includes the
results from the metal sheet calibration for comparison. The cross-polarization measurements do
not indicate any clear patterns like the co-polarization counterparts and more tests are required to

determine the reason.

Co-polarization Vertical -Dry
Co-polarization Vertical - Wet
osh Co-polarization Horizontal - Dry
Co-polarization Horizontal - Wet

Co-polarization Vertical - Dry
Co-polarization Vertical - Wet
osk Co-polarization Horizontal - Dry
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06
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1 1 L 1 1 L il 1 1 1 1 1 1 1 1 1
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Figure 5-8: Normalized plots of the soil returns at the 10 dB cut-off for (a) Nadir, (b) 15°, (c) 30°, and a table
showing the area under the normalized curve for each look angle and soil moisture state
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Figure 5-9: Close-up of the VNA soil return for vertical polarization at (a) Nadir, (b) 15 degrees, and (c) 30 degrees
and the highlighted sections indicate the difference between dry and wet soil

The inference from these tests is that vertical polarization indicates the moisture content

by increasing the received power over a wider range. The horizontal polarization results in a larger
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peak power and the backscatter is less affected at smaller rotation angles in cross-track direction.
The VNA and antenna front-end are capable of detecting changes in soil moisture and the effects

of the front-end relative to soil as an extended target is documented.

5.2 Prototype radar and front-end

The radar measurements are performed at the same location a month apart from the VNA
measurements. The absolute moisture level of the soil is likely to have changed between tests.
However, the change in absolute value does not affect the measurements since the relative change
in moisture during the duration of the test is measured.

The exact same coaxial cables and connectors used for the VNA tests are re-used to
maintain consistency between the measurements. Figure 5-10 shows a picture of the 1U radar and
delay line on a cart beside the wooden fixture. The performance of the 1U radar is verified through
a delay-line measurement before the soil test and the result is shown in Figure 5-11. The response

is detected at 60 dB above the noise floor and the 3 dB resolution is 1.56 cm.

Delay Line [~/

Figure 5-10: Picture showing the 1U Radar and delay line on a cart
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Figure 5-12 shows a picture of the entire setup during the radar measurements. The large
metal sheet used for calibration is shown along with the highlighted test area. Clutter from the
metal rim of the wheels on the wooden fixture may be excluded by measuring the shortest path
distance between the antennas and the wheels and excluding the measurement from that range bin.

The frequency-domain response of the 1U radar for the large metal sheet calibration is
shown in Figure 5-13 and the values of the labeled data points are shown in Table 5-5. The leakage
from the transmitter is present at the same range bins as the VNA measurement and the magnitude
of the peaks in the leakage band is between 10.1 dB and 20.7 dB relative to the first backscatter
maximum. The overall shape of the backscatter profile and the magnitude of the first and second
backscatter are similar to the VNA measurement. The second backscatter is 20.58 dB and 22 dB
below the respective peaks for vertical and horizontal co-polarization. The two-way range
between the first and second backscatter is 4.1434 m and hence the radar detects the calibration

target at 2.0717 m below the front-end.
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The radar measurements are recorded only for three polarization combinations as the 1U
radar only has two channels. Therefore, the measurements are repeated by swapping the cables for
each antenna array. For these initial tests, the horizontal cross-polarization is excluded for
convenience but will be explored in future.
The response for dry soil at nadir, 15°, and 30° look angles is shown in Figure 5-14 (a) to
(c). Unlike the VNA measurements, the second backscatter signal is not detected for dry soil at
nadir for radar measurements. This is attributed to a reduction in transmit power of 10 dB from the
VNA measurements and a likely change in soil moisture and roughness.
The magnitude of the peak for the vertical co-polarization at nadir is -5.85 dB, at 15° is -
18.7 dB, and at 30° is -21.35 dB. For horizontal co-polarization, the magnitude changes from -
4.17 dB at nadir, to -10.3 dB at 15°, and -8.26 dB at 30°. Therefore, similar to the VNA
measurements, the horizontal polarization has a stronger backscatter power than the vertical

counterpart. This is also observed for the wet soil measurements shown in Figure 5-15 (a) to (c).
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Table 5-5: Range and relative power values for the data points marked in Figure X

. Range Relative Received
Signal Type Label
(m) Power (dB)
11 4.9662 -10.1
Transmit
12 5.2304 -20.07
leakage
13 4.9982 -17.86
fl 8.5737 -1.29
First backscatter 2 8.5699 0
3 8.8531 -18.28
sl 12.7171 -21.87
Second reflected
s2 12.5485 -22
backscatter
s3 12.9553 -30.63
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Figure 5-14: Frequency domain response of the Radar for dry soil at (a) Nadir, (b) 15 degrees, and (c) 30 degrees
look angles
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In Figure 5-15 (a), three distinct peaks are observed in the second backscatter region for
the wet soil measurement at nadir. The magnitude of the peaks are -28.03 dB, -27.04 dB, and -
30.66 dB and relative to the dry soil measurement, the moisture content increases the second
backscatter by approximately 4 — 5 dB at nadir. Further, the magnitude of the peak in the first
backscatter region diminishes in magnitude, as also seen in the VNA measurement. For vertical
co-polarization, the relative received power at nadir is -8.05 dB, at 15° is -15.68 dB, and at 30° is
-18.61 dB. For horizontal co-polarization, the power of the maximum peak at nadir is -8.35 dB, at
15° is -11.13 dB, and at 30° is -10.3 dB. Clearly, a larger soil return is observed for horizontal
polarization at all three look angles for wet soil.

A close-up of the soil return for both vertical and horizontal co-polarizations and for each
look angle is shown in Figure 5-16 and Figure 5-17. The respective tables show the values of the
data points labeled in the figures. The radar measurements show a difference between dry and wet
soil but the distinction is not as apparent as the VNA measurements. A significant widening of the

received power over successive range bins is not clearly observed.
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Figure 5-16: Close-up of the Radar soil return for Vertical co-polarization
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Figure 5-17: Close-up of the Radar soil return for Horizontal co-polarization

An increase in relative received power is observed for the vertical co-polarization at nadir,
but at the 20 dB cut-off from the peak. The cut-off reference must be extended by 10 dB relative
to the VNA results to accurately discern the radar measurements. On the other hand, in spite of the
horizontal polarization showing increased power levels, the relative measurement between dry and
wet soil is similar for all three look angles. Figure 5-18 (a) to (c) show the highlighted sections
that indicate the differences between dry and wet soil. There are areas with difference in relative
power by more than 6 dB, yet the range of variations are similar for both measurements.

Although the watering method is uncalibrated and it is possible that the soil composition
during the radar measurements is not exactly same as the VNA measurements, the lack of
difference between dry and wet soil is likely due to a change in system parameters. The effect of
negative amplitude slope in the pulse caused due to the RF section, change in window functions,
and an increase in pulse length increase the corresponding range side-lobe levels [17]. These
effects are compounded when the pulse is radiated by the antenna front-end and the drop in nadir
gain at 5.5 GHz, 8.5 GHz, and 13 GHz degrade the amplitude of the main range lobe and further
increase the side-lobe levels. Furthermore, it is observed that the noise floor of the radar increases

by 10 dB relative to the VNA. The consequence of these undesirable effects is the target
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characteristics from the main lobe are obscured by range side-lobes and clutter. Hence, the

differences between dry and wet soil are not conspicuous.
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Figure 5-18: Close-up of the Radar soil return for vertical polarization at (a) Nadir, (b) 15 degrees, and (c) 30
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degrees and the highlighted sections indicate the difference between dry and wet soil
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One of the solutions to this problem is sub-band processing. As mentioned in the previous
chapter, the entire 16 GHz bandwidth is divided into four separate sub-bands. Table 5-6 shows the
starting and ending frequency points, sub-bandwidth, and the corresponding theoretical range
resolution when a Hanning window is applied. The received waveform is divided into the
corresponding bands and the Fourier Transform is performed over each sub-band separately.
Additionally, the four sub-bands are stitched together and the transform is performed over the
equivalent 13.3 GHz band. This results in a 2.7 GHz loss of bandwidth and causes the range
resolution to be coarser by 16.85%. This is not a cause for concern when doing scatterometer
measurements. The vertical resolution is crucial for sounding applications where sub-surface
features like internal layers need to be interpreted. For this application, the backscatter received
over a surface area is integrated and aggregate features of the target are interpreted [17]. The
advantage of sub-banding is that it results in five more data products from each measurement. Each
data product presents a slightly different characteristic of the target and hence new information
can be interpreted from each one. The total information of the scene is deduced from an aggregate

of all six data products, including the full-band without sub-banding.

Table 5-6: Frequency and range resolution values for all six data products considered in sub-band processing

Start Frequency | End Frequency | Bandwidth | Theoretical Resolution with
(GH2) (GH2) (GHz) Hanning Window (cm)

Full-band 2 18 16 1.53
Sub-band 1 2 4.8 2.8 8.73
Sub-band 2 5.8 8.2 24 10.19
Sub-band 3 9.2 12.6 3.4 7.19
Sub-band 4 13.3 18 4.7 5.2

Equivalent

full-band 2 18 13.3 1.84
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Figure 5-19 shows the frequency domain response for the large metal sheet at nadir for all
four sub-bands. It also shows the nadir gain of the vertically polarized array in the final
configuration with the rotorcraft. Each sub-band plot shows the backscatter response for vertical
and horizontal co-polarization and vertical cross-polarization.

The coarse resolution of the backscatter response for all three polarizations is easily
distinguishable. The peak for cross-polarization is again displaced to the right of the co-
polarization responses similar to the full bandwidth response in Figure 5-13. The consistency
observed across the bandwidth indicates that this effect is inherent to the cross-polarization type.
However, this must be cross-verified with horizontal cross-polarization but a similar effect is likely
to be observed.

The peaks for both co-polarization in sub-band 1 show a distinct main lobe with a long,
gradual leading edge and an immediate null on the trailing edge. In particular, the horizontal
polarization has a deep null at nearly -55 dB. In other words, the shape is similar to that of the
delay line response. It indicates that the signal did not experience significant losses and since a
calibration target is used, this is attributed to the effect of the antenna gain in sub-band 1. This is
corroborated by the low variation in nadir gain of 2.2 dB from 2 — 4.6 GHz, which is 92.86% of
the sub-bandwidth. Moreover, the response for sub-band 4 shows a diminished main-lobe with
increased side-lobe levels for all three polarization types. In particular, the increased trailing edge
side-lobes over a large range can obscure target information, as previously discussed. The total
variation in nadir gain for sub-band 4 is 9.89 dB and this is greater than the 6 dB limit considered
for dividing into sub-bands. Hence, this shows the importance of nadir gain flatness for resolving
target information in scatterometer mode and a solution to overcome the undesirable effects by

processing over 6 dB sub-bands.
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Figure 5-19: Close-up of the frequency domain response of the radar for large metal sheet calibration at nadir over
all four sub-bands (top and bottom rows). The nadir gain of the vertically polarized array with rotorcraft is also
shown for reference (center)

The top plot in Figure 5-20 shows the frequency domain response for the metal sheet at

nadir and for vertical co-polarization. The traces show the differences between the responses when

integrated over the entire 16 GHz bandwidth and the stitched 13.3 GHz bandwidth. The range and

relative power values for the peak, leading-edge side-lobe, and trailing-edge side-lobe (in that

order) are shown in Table 5-7.

The magnitude of the peak for the stitched sub-bands decreases to -4.6 dB due to a

reduction in signal power from the null-bands removal process. The leading-edge SLL, which is

the first received backscatter from the direct transmission, decreases by 8.63 dB and the trailing-
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edge SLL is 0.42 dB. The sub-banding process results in an effect similar to a window function
and this causes a reduction in the side-lobe levels. Nonetheless, the second received backscatter is

the primary signal and therefore this effect is favorable to discern target returns.

.," f1 4 “e—Full bandwidth continuous|
v H | f3 *|—Four sub-bands stitched
m -10 : 6 HE
Tz H \
g i
Z-20 ;
a
E ““ 1
>-30 i 11
I3 v “ (
o | W“’H 'H||.|.
2-40 -W li w
ﬁ #
)
x -50 \ l ‘
; |
10
Range (m)
Srinrsseeeerrn s e st r st n s seea s s e nn i rnns e rrsssrereanrnn——————. 5
: 0
Sub-band 1
: ~——Sub-band 2
g0 Sub-band 3
HC) —Sub-band 4
I 520 —Sub-bands 1 - 4
t 3
H
i 530
0
=
H] :
: §-40‘_\ 8 \_.\
HER ) h
I .2-50 \/ A
H ' A A
E < \ \
H Rl LTV
\|
! \f
70 - I Il
7.5 8 85 9 9.5 10 10.5 1 11.5 12

Figure 5-20: Frequency domain response of the radar for large metal sheet calibration at nadir. The plot on the top
shows the vertical co-polarization response when integrated over the entire 16 GHz bandwidth (red) and over the
stitched 13.3 GHz bandwidth (blue). The plot on the bottom shows the response when integrated over each sub-band
and the trace ‘Sub-bands 1 — 4’ shows the stitched 13.3 GHz bandwidth response.

Table 5-7: Range and relative power values for the data points marked in Figure 5-20

Sianal Relative
Tg e Label [ Range (m) Received
yp Power (dB)
fl 8.5713 0
Full
bandwidth 2 8.4804 -5.27
continuous
3 8.6566 -8.35
f4 8.5774 -4.6
Four sub-
bands 5 8.4568 -13.9
stitched
6 8.7165 -8.77
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The bottom plot in Figure 5-20 shows the frequency domain response for all four individual
sub-bands. The traces for sub-band 1 and the stitched sub-bands 1 — 4 are similar and overlap
significantly over the entire range for the backscatter. This indicates that the lowest part of
frequency band, that is, 2 — 4.8 GHz contributes towards most of the backscatter power. However,
the higher frequency bands contribute by resolving features of the target as indicated by a trend of
increasing sinusoids in the response when observed sequentially from sub-bands 1 to 4.

Figure 5-21 shows the results of sub-band processing for dry and wet soil. The time-domain
response is divided, stitched, and then integrated over the 13.3 GHz bandwidth. The frequency
domain response is shown for vertical co-polarization at nadir, 15 degrees, and 30 degrees. A
picture on the left in Figure 5-21 shows the test setup during the radar measurements. The test area
is highlighted in yellow and a representation of the illuminated antenna footprint on the soil is
shown in red. The dimensions of the represented footprint are not to scale. The backscatter profile
corresponding to the range covered by the representative footprint is highlighted in the plots. The
values of these highlighted ranges in the plots is a rough estimation from the test setup and is
intended for easy visualization.

In the nadir plot for dry and wet soil, the magnitude of the response for wet soil (blue) is
distinctly larger than dry soil (red) from 8.74 m to 10.79 m. This indicates an aggregate increase
in relative received power for wet soil over dry soil for an extended range from the nadir point.
The continuous and uniform increase in backscatter power is attributed to the addition of moisture
content in soil. Similar increases in magnitude are observed in the 15 degree and 30 degree plots,
with the latter having four easily distinguishable peaks. The overall spreading of the energy in
increasing range is indicative of angular observation as the pulse-limited illumination interacts

with the soil at an oblique angle.



161

o
1

—30 deg. Dry Soil
30 deg. Wet Soil

>
:
-~

Relative received power (dB)

Antenna |
footprint

Relative received power (dB)

Range (m)

Relative received power (dB)
= ) | f
o

&
S

&
S

1 1 ) A h r
75 8 85 9 95 10 105 1 115 12
Range (m)

Figure 5-21: Picture of the test setup and a representation of the illuminated test area. The plots show the equivalent
stitched frequency domain response of dry and wet soil at nadir, 15 degrees, and 30 degrees for vertical co-polarization.
The highlighted section

Figure 5-22 shows a close-up of the frequency domain response at nadir, 15 degrees, and 30
degrees and compares the full 16 GHz integrated bandwidth and two individual sub-bands that
show differences between dry and wet soil. While Figure 5-21 clearly shows a different response
for wet soil, analyzing the individual sub-bands also provides additional information. As
previously discussed, each data product indicates a slightly different characteristic due to a change
in frequency of observation.

The widening of the main backscatter signal for wet soil is observed in the VNA

measurements but is not apparent in the initial radar measurements. After sub-band processing, the
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widening is observed for wet soil (yellow) at nadir in sub-band 1 as shown in Figure 5-22 (a). The
peak widens and the roll-off of the trailing edge increases at the 10 dB level by 6.5 cm. Increased
soil returns are also observed at 9.5 and 9.79 m. On the other hand, for sub-band 4, a distinct peak
is observed at 8.71 m for wet soil with an increase in magnitude of 11.43 dB. The higher part of
the frequency bandwidth is observed to be sensitive to moisture at nadir for co-polarization but the
poor SNR suggests high losses.

Contrastingly, in Figure 5-22 (b), the widening of the backscatter peak is not observed for
wet soil at 15 degrees. In fact, the width for dry soil at 10 dB is greater by 10.76 cm than wet soil.
At a non-zero observation angle, the increase in reflectivity due to an increase in moisture content
causes the forward scattering to be dominant over back scattering. Moreover, the presence of
moisture can be attributed to the increased soil returns at 9.3 and 9.76 m, similar to the nadir
response. On the other hand, for sub-band 2, a distributed response with a maximum at 8.99 m for
dry soil turns into two distinct peaks at 8.59 m and 9.27 m for wet soil. An increase in relative
power of 7.8 dB and 1.32 dB is observed respectively. The maximum peak for wet soil moves to
the left of dry soil and closer to the nadir peak. This indicates an increase in nadir return due to the
moisture, in spite of the 15 degree look angle.

Similar change in backscatter is also observed for the 30 degree response, as shown in
Figure 5-22 (¢). The equal width of the primary backscatter peak between dry and wet soil indicates
that at this angle, the forward scattering is dominant over change in moisture state. However, the
magnitude of the backscatter peak increases by 3.82 dB and there is an increase in soil returns at
9.3m, 9.59 m, 10.04 m, and 11.07 m. For sub-band 2, a distributed response is again observed due
to illumination over a large swath at the 30 degree look angle. The magnitude of the peak increases

by 4 dB and occurs at 8.97 m for wet soil.
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Figure 5-22: Close-up of the frequency domain response of the radar for dry and wet soil for vertical co-polarization

at (a) nadir, (b) 15 degrees, and (c) 30 degrees. The response integrated over the full 16 GHz bandwidth is compared
with the responses integrated
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The sub-band processing results clearly show that the radar and antenna front-end are
capable of detecting differences between two moisture states. However, since the backscattering
coefficient is inter-dependent on multiple factors, more measurements must be done to generate
statistical models. The precise correlation between change in backscatter power over an extended
range and change in only moisture content is difficult to ascertain.

Furthermore, the surface roughness is also a significant contributor to the backscatter. The
effects observed on the received signal are caused due to a combination of both the moisture and
roughness and hence must be analyzed as an aggregate over numerous data products. Repeated
measurements performed over a large area of land, for all four polarizations, at different look
angles, and for different types of soil are required to accurately develop models that describe soil

moisture and roughness.

6 Conclusions and Future Work

The development of a miniaturized 2 — 18 GHz FMCW radar system is presented. The DC
bias circuitry, Phase-Locked Loop (PLL), transmitter, and receiver are designed on a compact two-
board solution. The RF board is a two-layer PCB, while the Mixed-signal board is four-layers and
both measure 15 cm in length and 11.21 cm in width. These two sections along with the DC power
module section, Arena module, Clock board, and GPS board are integrated together in an
Aluminum chassis of dimensions 23.88 cm x 19.56 cm x 8.64 cm. The volume of the radar
electronics is 4,035.68 cm? and it weighs less than 2.72 kg.

The current draw, power consumption, and heat dissipation levels are all within
recommended operating limits. The LFM signal is generated using a PLL- based multiplier where
an 11 — 19 GHz band swept by a VVoltage Controlled Oscillator is translated in frequency to result

in a 2 — 18 GHz chirp signal. The measured amplitude slope of the chirp signal is greater than the
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simulated prediction by approximately 11 dB. This is caused due to the physical imperfections
during the board merging process. External components like gain equalizers are used to condition
the amplitude slope.

The measured range resolution from the delay-line test is 1.45 cm (with Hanning window)
and this is within expectations. However, the trailing-edge side-lobe level is 16.88 dB relative to
the peak. This is larger than typical values and delay-line tests commonly show side-lobes at least
20 — 25 dB below the peak. Large side-lobe levels are preferred as it improves target identification
in post-processing. However, for scatterometer applications, this effect is not as significant as for
sounding applications.

The antenna front-end consists of four four-element antenna arrays housed in a Delrin
plastic fixture and are fed using custom-designed microstrip power dividers. The dimensions of
the fixture are 13.7 cm x 5.9 cm x 5.5 cm and the uniform elemental distance is 2.5 cm. The arrays
are fastened to a metal sheet and integrated under the payload tray of the rotorcraft. The measured
return loss on the full setup with the rotorcraft covers 2 — 18 GHz and the highest value is -7.22
dB at 5.23 GHz. The radiation pattern shows a distinct nadir-pointing main lobe for nearly the
entire bandwidth, however the effects due to the platform increases the average side-lobe levels
for 10 — 18 GHz by nearly 10 dB. The increase in side-lobe levels do not negatively impact
scatterometer measurements as the backscatter is received over an integrated surface area. The
measured maximum nadir gain is 15.88 dB at 10 GHz and the average nadir gain across the 16
GHz bandwidth is 8.34 dB.

Two full system tests are performed as proof-of-concept measurements to record
backscatter returns of soil for dry and wet-state. The antenna front-end is exclusively characterized

with a large metal sheet as a calibration target using a VNA. Measurements are recorded for all
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four polarization combinations and for thre look angles, namely, nadir, 15 degrees, and 30 degrees.
Gravimetric measurements of collected soil samples indicate an average change of 9.5% between
the two moisture states. Vertical co-polarization measurements indicate a widening of the primary
backscatter peak at the 10 dB cut-off from the peak and is more sensitive to moisture content than
the horizontal counterpart. The horizontal polarization results in a larger peak received power for
the primary backscatter signal and is less affected at smaller rotation angles in cross-track
direction.

The radar measurements are performed with a rack-mount (1U) test bed and antenna front-
end on the same patch of land. Initial results do not clearly indicate a difference in backscatter
response between dry and wet soil, as seen in the VNA results. The 16 GHz bandwidth is sub-
divided in four separate bands and the signal integration is performed over a stitched bandwidth
of 13.3 GHz Each frequency sub-band represents less than 6 dB variation in nadir gain and the
frequency domain response over each band indicates slightly new information about the soil. After
sub-band processing, the responses for each sub-band and the stitched band indicate differences
between dry and wet soil. The target information obtained through this process is an aggregate of
all the data products. Therefore, the radar system is capable of detecting differences in moisture

state and indicate differences in the backscatter return for each polarization and look angle.

The recommended future work for this project is divided into: immediate work and future
extension. Immediate work covers the next steps needed to further characterize the radar and
eventually record measurements from the UAS. Future extension includes suggestions on how to

expand the capabilities of the system further.
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Immediate Work:

1.

The full system tests described in Chapter 5 should be repeated for the assembled
miniaturized radar. Measurements must be compared to characterize the effects of the
system.

System tests with soil should be repeated with a standard horn antenna to further
characterize the effects of the antenna front-end, particularly the change in nadir gain
across the bandwidth.

Full system tests should be repeated over a larger test area to make accurate moisture
correlation.

The surface roughness of the soil should also be characterized and processed together with
the moisture data.

Finally, the full miniaturized radar system can be integrated on the UAS and surface

measurements may be performed on numerous targets.

Future Extension:

1.

A new antenna front-end that is more low-profile can be designed. Some antenna types that
can be explored are phased arrays, frequency independent antennas, and cavity-backed slot
antennas. More compact methods of integration can greatly improve the performance.
The radar electronics can be expanded to accommodate higher transmit power and a new
chassis can be built for a different physical arrangement of subsystems to enable further
miniaturization.

Re-fabricate the RF and Mixed-signal boards and re-merge for better connections and
assembly. This is a pivotal step in the development process and ensuring exact mechanical

integration results in high signal integrity. Specifically, this reduces the frequency roll-off
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within the bandwidth. An increase in noise floor can also be prevented by having uniform
ground continuity between the boards.

4. Only bare soil is considered in this work due to the proof-of-concept objective. However,
the next step is to measure soil moisture with vegetation cover. The backscatter received is
also dependent on the moisture and reflectivity of the vegetation. Hence, tests must be done
to characterize the effect from both targets. Consequently, the radar can also be used to
map vegetation canopy and perform crop phenotyping.

5. Snow measurements can be done to characterize the radar’s maximum penetration into the
surface and the vertical resolution required to discern top snow layers. In this case, a higher

transmit power should be explored to ensure consistent target returns.
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8 Appendix

8.1 TGA2567 Amplifier Bias Sequence

Bias-up procedure Bias-down procedure
1 | Setlp limitto 160 mA, Ig limit to 24 mA 1 | Turn off RF supply
2 | Apply—1.5Vto Ve 2 | Reduce Ve to —1.5 V; ensure Ipg is approx. 0
mA

3 | Apply +5 V to Vp; ensure Ipg is approx. 0 mA 3 | SetVeto0V

4 | Apply +1.3 V to Va2 4 | SetVptoOV
5 | Adjust Vg until Ipg =100 mA (Vg1 ~-0.7V 5 | Turn off Vp supply
Typ.)
6 | Adjust Vg; to obtain desired gain 6 | Turnoff Va1 and Ve supplies

7 | Turnon RF supply

8.2 ADRF5020 Single Positive Supply Performance

Ilke, Selcuk. “ADRF5020 Single Positive Supply Performance.” Analog Devices, 4 Sept.
2019.https://ez.analog.com/rf/f/q-a/115384/need-info-regarding-adrf5020-negative-supply-
connection-vss. Date Accessed. 17 November 2020.

Input Power Compression Input Third Order Intercept

60

as

{dB

IP3 (dBm

INPUT PO.1dB and P1dB

FREQUENCY (GHz) FREQUENCY (GHz)

—Vss=0V P0O.1dB —\iss5=-2.5V P0.1dB Vss=0V P1dB = Vss5=-2.5V P1dB m—Vs5=0V IP3  =——\/s5=-2.5V IP3
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Switching Waveforms, Fin=10GHz, Pin="0dBm

OUTPUT POWER {dBm)

v For Vss = -2.5V, 0.1 dB settling = 30 ns

=20 1] 20 40 60 80 100 120 140 160 180

TIME (us) For Vss =0V, 0.1 dB settling = 45 ns

Vss=0V  em——\/55=2.5V

8.3 Thermal testing of power section

Figure: Picture of the FLIR Infrared Camera screen showing the temperature measurement of the three LDOs on one

of the power boards
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8.4 Fiberglass fairing fabrication process

Figure: Picture of the vacuum bagging process of the fiberglass fairing. A prototype fairing and metal sheet with

antenna arrays can be seen at the back.

8.5 Fairing ground clearance
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8.6 Integrated standard horn antenna for future work

8.7 Radar calibration data for 10 cm x 10 cm metal plates
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Co-polarized Horizontal 30 degrees
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8.9 Sub-band radar results from other data products
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