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Abstract

The engineering ethos of thest 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 plat®ensors

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 aboutura 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
Eart hés hydr clmoigturecimmsoil influercésahe wehther, 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 centratmelareas

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 bfl® ZHz Frequency
Modulated Continuous Wave radar foiosv 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 hoizontal polarizations; or as a nadtoking sounder for fingesolution snow thickness
measurements.

One of the primary contributions of this work is the exploration of a simgldule that integrates

t he radar é6s RF t r an s nHsection,iwideb&& sweep geadratoe and the e ¢ e



DC bias circuitry for the active components. The sweep generator is based onlagtes®op

and frequency multiplication/translation stage. The compact assembly is in the form of two
multilayer Printed Cirgit 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 offthe-shelf module (Arena series by morrow.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 modulepi®fibevwith
dimensions of 7.6 cm x 19.3 cm23 cm and weighs less than 400 g including the separate
aluminum enclosure intended t o -kBignalsentibns.gr at ed
A second contribution of this work is the design of a prototype antennagindnivhich 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 fastermedtal sheet and a custom
designed foutayer fiberglass composite fairing protects the arrays. The entire-eénohtis
integrated on the rotorcraft and measured in an anechoic chamber. The measured, fully integrated
return loss of each array cover$ 28 GHz and the highest value-i522 dB at 5.23 GHz. The
radiation pattern shows a distinct naplainting main lobe for nearly the entire bandwidth,
however the effects of the platform increase the averagdadiddevels to less than 10 dB for 12

T 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 siénds that have a maximum nadir gaaniation 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 pafetoncept measurements to detect differences in
backscatter signatures between dry aet soil. Gravimetric measurements of collected soll
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 ce and crosolarization 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 backscattiée fwofall 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 horizalntolarization 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 ¢¢ ang

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

The tresis discusses the design of an ulirdeband radar system for integration on an
Unmanned Aerial System (UAS). The radar operates oved GHz and the architecture is
Frequency Modulated Continuous Wave (FMCW). The radar is intended to function lyriasari
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 fladking 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 lpwofile 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. Ultsgideband 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, transmitte receiver, and intermediate) in a compact-tweard design that replaces the
old rackmount 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 aantenna fronend suitable for the Vapor 55. This includes feed

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



3. Proofof-concept measurements of soil backscatter at discrete frequerbgrsi
to assess the feasibility ofadtifying moisture signatures using a radar mopkand 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, semicondeattootogy, and signal
processing techniques have allowed electrical systems to gradually shrink in size and weight. The
transistor technology has progressively improved over the decades arob&aiNhigkelectron
mobility transistors (HEMTS) can be opedtat a higher frequency, power, and temperature
conditions than the silicon versiofy. Fundamental components of active phased array radars
like Transmit/Receive (T/R) modules use GaN HEMTs and operatiorbiang with a maximum
Radio Frequency (RF) peer of 1 kW and moderate efficiencies has been repatted |

The semiconductor evolution has enabled advanced packaging and miniaturization for a
wide variety of applications like Internet of things (I0B) measurement and characterizatidh [
and remotesensing from CubeSat platform§].[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 anglartetary explation [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 dete@ondsarrays, 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. Thesessets are highly favorable for remote sensing applicatins [
UAS-based measurements have been performed for archae@odgrgstry P], and water
resource managemerit(J. Typically, instruments such as LIDARs, mtdfectral cameras, and
infraredcameras 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 coveraddl]. This feature is vital for accurately mapping nattwalography
|l i ke i ce sheet s, soil, and vegetation. The Ea
climate by reflecting a large portion of the solar radiation and having an effect on the glebal sea
levels [L2]. Over the years, observations reagsing remote sensing instruments in the Arctic and
Antarctic have indicated that the changes in polar ice are directly connected to the global climate
system L3]. It is paramount to continue these polar measurements to better our understanding of
climate change and in turn assess the effects on the biosphere.

Soi l is one of the key el ements in the Ear:
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 landsliddsg. [Additionally, it is capable of
augmenting strategies for agriculture, construction, and wateunas 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 sinocsamgsaan 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 typicakbgd to gather information from the surface features like



soil and snow, while the longer wavelengths are used fessdce soundindlp]. 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 (bulkielectric) and geometric (roughness) propertiég].[ By
customizing the characteristics of a radar, it is possible to infer bgpenpiess 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 inxschapters. 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 theoreticahinework 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 requiredcsiecié 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. Beatter 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 subsections: digital, RF, mixedignal, and power. The complexity of the RF and mixed

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



systeml evel test is discussed as a means of expel

performance.

Chapter 4 examines the antenna frentl design. Theeasign 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 perfong 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 entienddmthe
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 testsd show the exclusive performance of the frent. It provides a reference
for the next test, which is testing the antenna femdt with a radar. In this work, a raokount
version of the miniaturized radar is used to test the same area of soil. Thésst¢vane proedf-
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 highlightsresults. 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 feats are discussed in a theoretical manner. In the firssectinn,
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 subsection 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.

Subsection 2.3 details the basics of microstrip antennas. The general operating principle is
explained basedn 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 dfet 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. Tle backscatter from the target is received and digitized after demodulation. The target
characteristics like range and velocity are inferrechfthe received baseband sig@gatommonly
used architecture is the FMCW scheme. The waveform design is baseslparise compression

concept of achieving signal strength by transmitting a-ldun@tion pulse that has a bandwidth



corresponding to that of a shattiration pulse. One of the primary advantages of this architecture

is that it allows for operation overary 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 raihgieesideigure

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

i Digital Backend E . Radio Frequency Frontend

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

! |

Figure2-1: High-level block diagram of a Frequency Modulated Cohtinuous Wave (FMCW) radar

An Arbitrary Waveform Generator (AW)roduces 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
refererce. Therefore, a high quality digital system and Phasded 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 demodutaégthédiate 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 issl@. [Other techniques are currently available to
produce ultravideband chirps, buhey tend to be more complex and power hung&y. [

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 useddowmixhe received
chirp sgnal to produce the IF signal and this process is known-akig@ng. The baseband signal

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



between the various stdystemsFigure 2-2 shows a representation of the transamt receive

chirp signals along with an example waveform. The bandwidth of the chirp signal is denoted as B,
the pulse |l ength is U, t hvay plogagation fimmedsqTu énnacy 1 s
Continuous Wave (CW) radar, the second transmitasigtarts 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:

0O t0'YO (1.1)

The Pulse Repetition Frequency (PRF) isitiverse 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:

(1.2)
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Figure2-2: 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, Bislger t han 1/ U. I f the range t



of light is ¢, then the rounttip travel time, T and the corresponding beat frequency, fb are given

by:
Y
y i_ (1.3)
W
. 0'Y
o oy & (1.4)
w T
The received signal is passed throwg matched filter to maximize the Sigit@lNoise
Rati o (SNR) and this results in a compression

termed as pulse compression and it is quantified by the compression ratio. The frequency
resolution ofthe beat signal is the inverse of the repetition period and therefore the range
resolution, MR is solely dependent on the ba
relationship below. As the signal bandwidth is increased, the range resolutianrafidr 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.

Yo% ﬂ (1.5)
co

The range resolutio corresponds to the hglbwer 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 seversiitcts's
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 G1. The mat hematic

an example of the waveform is showrFigure2-2.
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T ¢
i O oAI@“Q)T .

(1.6)
QER ot

2.2 Overview of a polarimetric scatterometer

Consider a transmitted plane wave with electric fig)d o O O incident on a
scattering targefThe electric (bulldielectric) and geometric (roughness) properties of the target
scatter the electric fielge in both directionso and . Let the received electric field of the

backscattered plane wave pe o ‘O | O . According to the Backscatter Alignment (BSA)

Convention, the fieldg and [ are related by:

Q . 1.7
VL
Y Y
wheref . oy

{ is the scattering maxr of the target in accordance with the BSA convention ahds

the scattering amplitude where p,g=vor@. TY isthe spherical propagation factor where
Qis the wave number ard is the range to the target.

“Y 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-|| accounts for the four scattering amplitudes. Eaameit 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 othdéransmit polarization and then alternated to continuously update the

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

polarization combination pq,
Y Y — b b M 0ETQ (1.8)

where, —» are the incident angles—»  are the scattering angles, anrdl»  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 ltexs ang
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 timmeonsuming process.

For a distributedarget that consists of a large number of resolution gellthe reflectivity
» IS given by,

« (1.9)

—oY O §m 0éTQ (1.10)

where,0 is the area of the resolutiaell and™Y 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 matri>e|| wholly characterizes thecattering 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 cangenerated fror.

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 qomsed of the primary radiator, feed line, grourahpl and
a dielectric substratd he dielectric constant for the substrates are typically in the rargg® of

T p cand 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 showmFRigure 2-3. The finite lengthL 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 fuiwn of the dimensions of the patch and the height of the
substratéh. Because of the fringing effects, the microstrip antenna looks electrically larger than
the physical dimensions. For the dominantoIgMnode, the resonant frequency is a function of
length is given by,

- (1.11)
i

where,cis the speed of light in free space. To include the fringing edge effectsfabing

or fringe factor must be incorporated in the above equation. If the edge effects change the electrical
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length byY0 ard the effective permittivity i§ , then the resonant frequency with fringing

effects is given by,

- w (1.12)
cO Y0 7
) "Q (1.13)
n 0

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

dominant TM10 mode,

- PRI T pa (1.14)
cu (H_
- PRI T pa (1.15)
¢ted T
where, ® is the effetive radius and 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 equatitimef magnetic
vector potentiald is solved using the Bessel function of the first kind for an onder..
represents the zeroes of the derivative of the Bessel functian and the first value..
PRT PG

The input impedance ¢fie 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,

®w Y @ (1.16)
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where,® is the input arénna impedancéy is the input antenna resistance, andis
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 apanai@ter 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 dielectrdiane 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 reflecticoefficient is defined as,

. @ @ (1.17)
¥ 56
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 atifo®ntinuity interface. The

expression is,

Y006  cRT G oA T Gubs (1.18)

The magnitude of RL is always positive since it is defined relative to the incident wave
power, however it is conventionally expsesd 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 pateqproach.

From the homogenous wave equation in cylindrical coordinates, it can be shown thai for

modes, the electric and magnetic fields are related to the vector potenflde fields radiated
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by the circular patch can be found using Fiel
fields in the principal planes are,
E-plane:s =0°, 180°;, 0° — 90°

L0 WQ , (1.19)
———
q v
0 0 QO OE+ 0 Qw OE+F

O m
(1.20)
H-plane:» =90°, 270°; 0° — 90°
O m (1.22)
L QO®Q o 122
0O @——kAI-& (122

Ci
0 U QHOEL U QO OEF
where,Q is the wavenumbery is the effective radius, and D0 B> at a zero
degree azimthal angle along the perimeter of the pafidiie radiated field equations are used to
calculate the radiated powér and usingthe conductan® , t he directivity a
expressed as,

Qo (1.23)
pca@

The gain of an antenna relates the directi@tyand radiation efficiency as,

Qo (1.24)

0 0. —2
pca

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 efficiencycombines radiation efficiency and impedance
mismatch losses :
- 0-  p WS- (1.%)

The absolute gain or realized gain of an antenna is expressed as:

"0 O- (1.26)

Therefore, the gain of an antenna can be increased by improving the impedance match at
the feed, using lovloss materials for higheefficiency, 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
importantcharacteristics.

Considem identical antenna elements arranged in a linear array and the distance between
each element i All elements have uniform, identical magnitude and the phase between each
element progressively changesf hyThe array factor is given by,

(1.27)
00 Q
where] TQAT-O 71 (1.28)

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

WhenN radiators are physically placed close to each other at a distatieere is some
leakage from one element teetbther 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 compromesethetwe

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 alectric UAS by AeroVironmenY (formerly by Pulse
Aerospace) and a picture is showirigure2-4[20]. It uses a high energy density lithivgolymer
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@minutes of flight time on a single battery charge. The rotorcraft has
onboard 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 thesisagm.
The UAS has a compact design and this enables it to easitpffated 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 instrtgni&e 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 rugyed 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 clesmge, high resolution measurementsgh-Bpeed data

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

‘n"a:\‘

I NAPORSS

Figure2-4: Picture of the Vapor 55 rotorcraft



18

3 Radar System
3.1 System Specifications

Soil moisture detection using radars has largely been performed at frequieeltiesthe
X-band R1] and typicallymeasuremeni@re performeat distinctfrequency bands witfractional
bandwidths of 30% or le§&2 - 26]. For instance, ifi22] the fractional bandwiith at the lowest
operational frequency is 25%. This can be a limiting fasitace different backscatter signatures
are presented over a range of differentsabds. New information about the same target can be
interpreted over each sdiiand. Hence, a tge sample of measurements over uniquebaris
help in discerning the target characteristics accurately.

These crucial points served as the primary motivation for designing anvidigband
(UWB) radar system, specifically over thel8 GHz frequencyange. 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-Xand Kubands.Such a system also has application in sounding snow
cover, snow layers, and fresh water ice on laR&s3[]].

The system architéare is based on the Snow rada0][ However, this system is primarily
used on manned airborne platforms like the Lockhe8dDion and the Douglas DB8. 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 nmiaturized version of the UWB systeBeveral iterations have been attempted
to reduce the SWaP of the Snow Radar at CReSIS 33 and similar systems at other

organizations33 - 36]. Howeverthey are not small enough for a platform such as the Vdpor 5
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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 batt@cespy nearly threquarters 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,hie UAS is capable of carrying a maximum payload of 5 kg (11 Ibs.),
which must include the electronics, cables, and the entire RFdfrantt . Fi nal | y, t he
will provide the electrical power for the radar. This means that a dedicated poweemuatlbe
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 moistureand altenatively snow thickness

2. Design an UWB system that operates in the 2 to 18 GHz frequencyfoavgéee
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 maximaftitude 0f93.75 m (307.58 feet)

3.2 Link Budget

One of the fundamental features of a radar transmitter is the {ap&eiure product. It
characterizes the range by considering the average radiated power and the antenna aperture area.
This typically sets th 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:

0o0o_, d 2.1)
™Y

0
where,0 is the received signal power, is the transmitted signal powéq is the gain of
the transmitting antennd is the gain of the receiving antennas the operating wavelength,
is the backscattering coefficient of the targets the surface area of the target illuminated by the
antenna, aniis the range of the radar from the target

It must be noted that the above equation does not account for the losses withitethe sys
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 computatibims. is the intended
transmit power for backscatter measurements, however tkienoma 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 receive837]. The surface area illuminated by the antenna beam is
computed through simple geometry, wpithe antenna beamwidth and altitude. Finally, the
received signal power is computed for two extreme cases, a range of 307abffeet. The
minimum altitudes limited by the maximum signal power that can be received, which is dictated
by the saturatiotevel 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 contais 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. Tiiepeadency between

these various factors make it very difficult to absolutely determine the moisture content of the soil.
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For the case of the link budget analysis, the scattering coefficient data38pmil] be used to
compute the approximate receiveginal 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 datatier 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 radir measuremenkEigure3-1 andFigure3-2 show the possible received powers for these four
soil types at 50 an807.58feet respectively.

As the authors state, the backscattering coefficient has a kighendence 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 avefsigeat an altitude of
50 feet, is tabulated ihable3-1. It must be noted that the received power difference between the
states is the sanfer both altitudes. Clearly, there is a larger difference for the same moisture
content, that is, when the roughness changes from smooth to téogever, 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 dataddferent angles of incidence and polarization, so that an empirical

approach can be taken in interpreting the soil moisture content.
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Figure3-1: Radar link budget at an altitude of 50 feet for four typlesoil and antenna pointed at nadir
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Figure3-2: Radar link budget at an altitude of 307.58 feet for four types of soil and antenna pointed at nadir

Table3-1: Differences in received powers between each soil state at distinct frequencies for an altitude of 50 feet

Difference in received power
Soil State
1.1 GHz | 4.25GHz | 7.25 GHz
Low moisture | 13.5dB 14.5dB 12 dB
High moisture | 19.5dB 20 dB 12.5dB
Smoothsurface| 10 dB 12.5dB 5.5dB
Rough surface| 4 dB 7 dB 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. FHgure3-1 andFigure3-2, the soil
with high moisture content and smooth surface, at 1.1 GHz, resu4.8¥dBm of power at 50
feet and-50.75dBm at307.58feet. On the other hand, low moisture content and rough surface at
7.25 GHz, resu#tin-76.98 dBm at 50 feet an82.76dBm at307.58feet. For this specific case,
the receiver must be able to boost the sign#8d2a76dBm above the noise floor but not allow the
-34.97 dBm to saturate the ADC. For instance, if an ADC has a dynamg frang-65 dBm to
+10 dBm, a total receiver gain 87.76dB would ensure that all signals are successfully sampled
at the ADC for all four soil conditions.

The dataseteportedin [38] is expansive with several parameters varied independently.
Thishelpsi n ascertaining the exact requirements
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 GHiz.the paper, the backscattayiooefficient is shown for
moisture levels ranging from 0.03 g/&fdry) to 0.4 g/crhand 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 fror80 dB to +22 dB.

Figure 3-3 shows the link budget for 50 ar@7.58feet across th entire 2 to 18 GHz
bandwidth, computed without the backscattering coefficieimé lowest received power is at 18
GHz and307.58feet altitude andhe value is expected to be arou8d.73dBm. If the radar has
a MDS of-103 dBm, then the worst backscattering coefficient that can be recen@@7sdB.

From [38], this restricts measurements to less thahldék angle for frequencies less than 4.25
GHz at the lowest moisture (0.03 to 0.09 gicand highest moisture (0.34 to 0.4 gfyni\s the

frequency increases to 7.25 GHz, the possible incidence angles increasesTiwe&Hore, for
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moisture levels between 0.09 and 0.34 d/dime radar returcan be successfully received for

angles of incidence up to 30 degrees.
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Figure3-3: Expected received power at an altitude of 50 and 307.58 feet without the backscattering coefficient

In [39], measurementare preformed using waveguide transmission system from 1.4 to 6
GHz and using fregpace transmission system frorih 48 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 chem, the dielectric constant is nearly constant for the entire frequency band.
For high moisture content of 0.374 tom?, the re&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 énem?® and 0.36 crh cm®, changes by factors of 4 and 6
respectively. The maximum chamgn 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
charge drastically, the typical values used in both papers can be used as referefcEf@GH2z.

Amplifying low received powers can be challengia® n somecases, the total receiver

gain may need to boost the signal by 50 or 60AtBeasyway todeal wih this is by distributing



25

the gain stages over multiple sections and particularly after frequency translation. The lower
Intermediate Frequency (IBand, relative to the carrier band, makes it easier to desigigaigh
stages. However, it is crucial timd the right balance of amplifiers in the receiver chain to ensure

stability.

3.3 System design

The highlevel block diagram of the radar system is showRigure3-4 and a list of the
system parameters is shownTiable 3-2. Since this system is based on the Snow Radar and is
miniaturized for a UAS helicopter, this radar sysiemeferred to as the Helnow Radar. It can
be divided into four primary sections:

1. Digital section

2. Radio Frequency (RF) section

3. Mixed signal section

4. Power section
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Figure3-4: High-level block diagram of the radar system

The digital section consists of the Arena modulepoard computer, clock distribution
system, and Global Positimg System (GPS) receiver. The Arbitrary Waveform Generator
(AWG) in the Arena module generatasnearlyideal referencechirp waveform for the Phase
Locked Loop (PLL). The clock distribution system provides a stablepaade cohererglock
signal to synbronize the waveform generator and the Data Acquisition System (DAQ). The GPS
receiver provides time stamps and geotags for the acquired data.-bbardrcomputer runs the
Arena modul eds software and directs the incom

The RFsection is the central part of the radar and it consists of the chirp generator,
transmitter chain, and receiver chain. The chirp generation stage produces8tt@z chirp,
synchronously with the PLL. The transmitter chain conditions the signal usiweyake
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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Table3-2: MiniaturizedRadar Specifications

Radar System Parameters Value
Frequency Range 21 18 GHz
Bandwidth 16 GHz
Delayline RangeResolution with windowing) 1.45cm
Peak Transmit Power 1 mwW (100 mW max.)
Chirp Duration 200 ¢s
Pulse Repetition Frequency 2 kHz
Analogto-Digital Converter Sampling Rate 100 MSPS
Analogto-Digital Converter Resolution 16 bits
Number of Channels 2 Tx. And 2 Rx.
Flight Altitude 507 307.58feet

The mixed signal section is comprised of Bid_, 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 wavebrm and correcting for errors. The IF section of the receiver, filters and
amplifies the mixedlown received signal. The Analdg-Digital Converter (ADC) then digitizes
the IF signal and stores on the external hard disk. The biasing circuitry providesribet
sequence of DC voltages to swioh the components in the RF section. This entire section is
designed on a single Printed Circuit Board (PCB) and will be referred to as thepleada Board
(LSB) or Mixedsignal Board (MSB).

The power section puides 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 systemobs ededians) wilbbe enclesed(insah Aluminamuchassis with
overall dimensions of 23.88 cm x 19.56 cm X
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. Twamincomputer 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-sydiems: 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 maougd by a company with
extensive research and development while the Mintbox is a Commercthkestielf (COTS)
component. The Clock Board is a custorhouse design but professionally fabricated and

carefully assembled ihouse. The GPS board is whotlesigned, 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 SolutiopsqRSS
reconfigurable and modular solution for the digital backend of radars, sonars, and radiometers
[40]. It features an arbitrary waveform generator, rach@énnel digital receiver, timing and control

signal generation and reception, data acquisitiwh @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 dwfare layers through eXtensible Markup Language (XML) objects.

8
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The small form factor of the module facilitates the miniaturization of the radar system and the
plug-andplay solution simplifies integration and operation.

The Series 300 Arena moduleusedas the digital backnd for theradar. A duakore
Arm CortexA9 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 synchronizehe timing. It operates over a wide input voltage ranget 2 VDC and consumes
a maximum power a30 W. In this radar desigrthe module will operate at 28 VDC. This voltage
is provided by the SynQor DDC converter after regulating the voltage pr@ddoy the UAS
battery. Theclock signal power limits at all input ports range fre&ndBm to +3 dBm.

The Arbitrary Waveform Generator (AWG) is based on the AD9129 RF Digiahalog
Converter (DAC) by Analog Devices. It has a single channel withitldesolution and an output
signal frequency range ofi13600 MHz. The clock range is 140@400 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 Noiseé&tral Density (NSD) is157 dBm/Hz.

The Complex Digital Receiver is based on the ADS421L.B69 Antddgigital Converter
(ADC) by Texas Instruments. It has dual channels withif6esolution (ENOB at 170 MHz and
2.5 Vpp full-scale = 12.0ENOB) and an mput signal frequency range ofi1250 MHz. The
sampling rate ranges from 150 MSPS and for this radar s 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



the modul ebs settings

a screenshot of the GUI window along with one of the settings window.
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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 elasure weighing 396.89 g. For this radar system, the entire
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This is done to ensure easier interconnections with the other parts of the system and tbeeduce t

overall weight of the chassiBigure3-6 shows the Arena module in the radar chassis.
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Figure3-5: Screenshot of the Arena GUI and settings window
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Figure3-6: 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 Micr6400T Systeron-Chip (SoC). Itis a 64bit quad core processor
with a clock speed of 1 GHz and can be boosted up to 1.6 GHz. Itlaiirevith 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 namdio jacks, a LAN port, WLAN module, two USB 3.0
and three USB 2.0, a serial communication port, and rR8&rslot. 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 epected 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 entireommguter measures 10.8 cm by 8.3
cm by 2.4 cm and weighs 250 g.

The compact and lightweight design makes it suitafi@perating 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 et of display monitor, keyboard, and mouse to the 4tamputer. 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 ghoard SSD. In this manner, the Mintbox ensures that the radar system is running
and saving data throughout the missiBigure 3-7 shows a picture of the Mintbox mounted on
top of the radar Aluminunbox using Velcro tape. It will also be secured using zip ties running

through grommelined holes on the box lid.

Figure3-7: Picture of the Mintbox Mini mounted on the radar box lid

3.3.1.3 Clock Board

In an UWB mdar 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 pdiggulse timing must be accurate. Coherenabgerved 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. i#t 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 PL@ 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.

Phase-
Clock Clock l
Board Synthesizer “ Locked mmmp | RF Board [mms

Oscillator

Arena I
!
Low-Speed Board
mm) 10MHz =) 20GHz
W) 2000 MHz 1.36 - 2.36 GHz
mm) 100 MHz 1.91-1307 V
mm) 19643 - 339.29 MHz mm) 2-18GHz

Figure3-8: 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 integratedssrabaksis
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 sigstemlevel 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 shownkigure3-48 as part of the test setup.
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The clock board is designed-muse at the Center for Remote Sensing of Ice Sheets
(CReSIS) and has been used in other radar sy$tdingt is based on the HMC833 programmable
fractionatN PLL with integrated VCO by Analog Devicesigure 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 buffe 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 singkended using a 1:1 transformer and provides reference for the Rivdssl
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 themsgitatia.

The output power of the signal from the board is controlled using an RF digital attenuator and its
control logic is set using the CPLBigure3-10shows pictures of the clock board with RF coaxial

cables directly soldedeto the input and output connector footprints.
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Figure3-9: Block diagram of the clock board
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Figure3-10: Pictures of the programmable clock board

3.3.1.4 GPSBoard

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 foasgmcessing.

The GPS receiver is a Dual-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 assemtblehgi other radar components
since it is easier to stack verticaliigure3-11 shows a picture of the PCB with the Copernicus Il
modul e. The modul ebs vertical pi ns ofthed@B t he
and is soldered in place. The MAX3232 transceiver chip facilitates serial communication between
the GPS module and the-board computer. The module operates with a +3.3 V supply while the

transceiver with a +5 V supply, both routed from thev@oboards.
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Figure3-11: 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 tR& @Gnodule. 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 softevand hence processing the received data is convenient.

Figure3-12 shows a screenshot of a few lines of the received GPS NMEA data.

@2 COMS - PuTTY = | B S

Figure3-12: Serial port screeshot 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 PCHRB.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 spacevailable can accommodate the two PCBs on two separate levels, it
becomes problematic when the volume and weight for-bmard connections are taken into
account. In continuing along the same design ethos of miniaturization, the bulky cables are omitted
by integrating b oto-back.PV@@aBdes ard degigeed htepecifib lacations 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 connectiohsele® components are made by
soldering the 32 gauge wire at the via holes on both sides.

The two PCBs are termed as RF Bb&RFB) and LowSpeed Board (LSB) or Mixed
Signal Board (MSB), as previously introduced in Section 3.3. The RF section will coh#ist o
following subsections: 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 multiplierThis is an adaption of the scheme developediBy43. The strategy is to use a
wideband Voltage Controlled Oscillator (VCO) to sweep froni 1D GHz, multiply by a factor
of two to produce a 2P 38 GHz signal, and then finally dowaonvert using a 20 GHz, Phase
Locked Oscillator (PLO) to generate thé 28 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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196.427 339.29 MHz swept signal is then compared with the reference signal of the same
frequencybandgenr at ed by t he Ar efrequénsy détdtiGr, Thaoutput ihiaem p h a
error voltage proportional to the phase difference between the two chirp signals. A differential

loop amplifier converts the differential error voltage to a skeglded voltageignal, 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 signas. Therefore any frequency drift or ntinearity in either of them would result in
distortions in the IF waveform and mask information regarding the target. Hence -solidgck
stable signal is crucial for measuring the characteristics of targets M@wWFadar.

Similarly, the stability of the PLO is important since it performs the final frequency
translation to produce tha 2.8 GHz chirp signal. This is ensured by feeding the external reference
signal from a commoalock source. It is also vital fahe PLO to have lovphase noise since this
can obscure radar targets and decrease the receiver sensitivity.

A challenging aspect of producing thei 2L8 GHz chirp signal is the final frequency
multiplication and mixing stage. The sweptil19 GHz signals multiplied to 22 38 GHz and
then mixed down using 20 GHz to result in 28 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 usednake 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

bording machine and affordability for the cost of operation are causes for concern.
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Figure3-13shows the circuit diagram of the chirp generation stéigere3-14 andFigure
3-15show the layout of both boards with the chirp generation stage highlighted. The entire process
of generating the R 18 GHz chirp emphasizes the difficulty and importance of this stage. This is
further complicked 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 irfrigure 3-16. Then, thesame tests must be done with the boards integrated

together and a picture of this setup is showRigure3-17.
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Figure3-13: Chirp generation stage circuit diagram
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Figure3-14: Picture of the RF board with the chirp generation stage highlighted
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Figure3-15: Picture of the lowspeed board with the chirp generation stgaghasdocked loop) highlighted
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The initial test with both boards separated provides an essentialgfrooncept for the
chirp generation stage. Hence, in spite of the long test wires between the boards and manual
operation of the VCO throughe power supply, the spectral results are still valid and beneficial.

The 83752B synthesized sweeper by HewRettkard 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 biggéi$terence 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 thahttespectrum analyzer over
a wide frequency range.

Figure3-18i s a screenshot of the power sensoros
power of the 200 es | ong ploRBsd8m and thectotapdyrearkic p o we
range is 14.68 dB with a negative slopegure3-19 shows a similaresultbut with the addition
of al10 dBgain equbzer at the board output potn this case, the beginning and ending of the

pulse have power levels ¢22.53 dBm and31.01 dBm.
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Figure3-19: 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 gaizexgsalsed 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 attribdteo the physical imperfections of the whiend stage
EM co-simulation of the board and the components can account for the total board effects and this
will be investigated in futureSince the PLL spans over both the RF and migdal 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 boardiucamioise 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 fi@ghi 18 GHz, experience much higher
transmission line losses than the lower frequencies liké @Hz. However, such large variations
in power within the pulse can cause instability, particularly with-lmear operators like
amplifiers and mixers. Furer, 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 Phdsed multiplier produces a stable 28 GHz chirp signal.
The transmit section defines the third important charactermtiplitude. 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-clowert 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 generatedlsignal 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 mixerds LO po

This radar system uses twé 28 GHz doublebalanced mixers by Mitg(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 thattheentirespal f al | s wi t hin the 6 dB dy
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 gteam shown inFigure 3-20. A specific
combination of amplification, attenuation, and gain equalization is used taonrect the slope
of the chirp signal. This ovarorrection allows the signal to have a nearly flat slope dt@hport
of the mixer, as the signal experiences further losses due to the oth@srdncomponents.

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 texternal 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 withtte available components, the conditioned chirp pulse is shokigune3-21.
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The beginning of the pulse is attenuated frd®.58 dBm t0-20.66 dBm while the other
end is amplified from25.26 dBm to-21.77 dBm. The peak power of the pulsensasured 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 es@nrection. The total dynamic range of the pulse
is reduced from 14.68 dB to 7.38 dB. Theityb 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 transngbwer at the antenna. A SPDT RF switch alternates between the two
channels to transmit from both antenna polarizatibrtggire 3-22 shows the highlighted transmit

section on the board and the external components chain.

SPDT switch

|::> Vertical polarization transmit signal
(toantenna)

bt 3 . |::> Horizontal polarizationtransmit signal
N i \ P (toantenna)

High-pass
filter
i % a
= _ % \ chirp Gaineq. § § /}.}‘.’;
o - ;f_ 7 V',»_v',
Toantenna B ] e <::] 2
B l"

Attenuator

Attenuator
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chain

Figure3-22: Picture of the RF board layout and external components with the entire transmit section highlighted

Figure 3-23 shows the transmission gain of the-lmrard transmission section footh
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 randmriaontal 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 equdlthe 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 e LO ports are driven correctly for the entire pulse as the range is less than 6 dB.
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Figure3-23: Simulated and measured gain of the transmit section excluding external components

3.3.2.3 Receive Section

In an UWBradar 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 theerestage. The
TGA2567 lownoise amplifier (LNA) is chosen as the first component since it provides an average
NF of 2 dB over the entire band. An external {pass or bangass filter may be included before

the LNA to prevent interference from other nasseirces. However, due to the significance of the
NF, the filtering aspect may i nst eadofbarel r el

frequencies.

€
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Figure 3-24 shows the receive section circuit diagram. While the Ldé¢ts the NF and
provides crucial amplification of the lepower received signal, the second component is
prudently selected to be the mixer. It is desirable to doawnvert to IF as quickly as possible to
minimize further losses of the UWB pulse. As premxgly 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 downconverted IF signal is transferred to the misgghal board through the

direct boareto-board connection and this section is showRigure3-26.

N
[\ R 1 ’\%\_; |
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Transmit signal
(from Power ATT AMP Power Div. -
Divider) Receive IF
AT signal (to ADC)
| L Iy | [\
| R = ] | = L/
Mixed-Signa
RF Board AMP Mixer ATT HPF AMP ATT AMP ATT Board
A

Figure3-24: Receive section circuit diagram
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Figure3-26: Picture of the mixedgignal board layout with the receive (intermediate) section highlighted

The IF section of the receiver on the mixg@gnal board is bookended by two filters. The
cut-off frequency for the higipass filter is 3 MHz and for the lepass 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 aft frequencies foithe IF section. The relatively lopower,
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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 he Analogto-Digital Converter (ADC) in the Arena module. It is sampled at 100
MSPS to satisfy the Nyquist sampling requirement.

Figure3-27 andFigure 3-28 shows the frequency response for the horizandl 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 sttippaxial 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 cutoff frequencies of the frequency response clearly correspond to that of the high
pass and lovpass filters. Although the magnitude shown exactly at 3 MHz is a lot lower than 3
dB from the midpassband point, the passband does begin within the next few data points due to
the sharp rolbff. Therefore, the cubff may be approximated to 3 MHz. Thigher cutoff 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 mpdssband point between the two channels. Since both
channels use the same components and asiailar 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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Figure3-27: Frequency response of the IF sectionHforizontal polarization
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Figure3-28: Frequency response of the IF section for vertical polarization

For Figure 3-29 to Figure 3-32, the test setup involveg@erforming a mixemmode
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, andri#gtiency 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 accordaitbethe link budget of the respective chains.

The input RF power is fixed 240 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 secti@nboard

to sucessfully 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 abe%& dBm.

The difference indicates thtte vertical channel appears to be iesthan the horizontal channel.

It is also evident from the rebff at the higher frequencies when the mixer is uttaren.

In Figure3-31 andFigure3-32, the LO power is now held constant, while tloawersion
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 thezbatal polarization mixer is driven at
18 dBm and due to the extra losses observed, the vertical mixer is driténo@&m.

This test shows the change in conversion loss across the full signal bandwidth, as the IF
signal is moved across the first Nyguisne. 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 betweand 3.5 GHz at all frequencies within the
IF band. This is caused due to the-adfl of the highpass filter at the beginning of the IF section.

The roltoff at the IF cuoff of 3 MHz must be sharp so that it filters aftband response but
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does not ecroach 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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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 baecto-back is preferable considering the space issue. However, thiasesréhe
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 82gg 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 taheta/o
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 sligitalanisalignment. 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 anglednetease 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 s&éyuie 3-33. Holes are puried
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 sufficietricalecontact
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, showhkigure3-16, 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

Figure3-33: Picture of the back side of both RF and Mixg@gnal boards showing Kapton tape and seldask
scraped areas

To ensure sufficient ground contact, specific areas of solder mask are scraped off the MSB.
It is advisable to scrape ailie area directly underneath the chip for maximum effect. Furthermore,
pieces of Indium are applied on the same spot, as shokigune3-34. The sandwiched Indium
between the exposed copper areas fills in any possible gap behedsards 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 sepseate®n with its
own powerplane for the IF section on the MSB.Higure3-26, as the highlighted part of the MSB
shows the IF section of the receiver chain, this entire part has a squaxaieplane and the
perimeter is lined with a row of vias. This esgrevent interference from the other biasing circuits
into the relatively higkspeed received IF signal. The Mixenal section will consist of the
following subsections: TGA2567 biasing circuit, ADRF5020 biasing and control circuits, and

Phasdockedloop.
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Figure3-34: Picture of the back side of the Mixathgnal board showing Indium applied to the exposed copper

3.3.3.1 TGA2567 Biasing Circuit

The TGA2567SM by Qorvo is a LNA gain block that is essentiallyeahancement mode,
ClassA amplifier. In a pchannel enhancement mode amplifier, a negativeggatece 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, aoselary gate voltage controls the gain of the ampilifier.

Metal Oxide Semiconductor Field Effect Transistors (MOSFETS) are used in cemmon
source configuration to function as amplifiers. Under certain conditions, that is, when a voltage is
applied across theerminals, MOSFETs naturally exhibit a switching nature. To successfully
operate in a particular region, the voltages must be applied in a specific sequence. This is
commally termed as power sequencidgtable showing the biasp and biaglown proceduréor
the TGA2567 is in the Appendix.

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

perform this exact process. It is capable of biasing an enhancement or depfaidiassA



59

amplifier and achieving a constant bias current. Using appropriate resistor networks, the desired
voltages ca be set and the stability of the bias current is ensured using a feedback n€hgork.
typical application circuit reported in the datasheet is used for both components.

The TGA2567 sections on the RF board with designators are shéwguime3-35and the
respective HMC981 sections on the MS board are showigure3-36. Each amplifier has three
bias points that are marked with yellow circles within each highlighted sectisset¥ the drain
to-sourcevoltage, \&1 sets the gate voltage for the channel to conduct, andéts the gain of the
amplifier. The typical operating conditions for the TGA2567 aseW¥5 V, Ve1=-0.7 V, and \&2
= +1.3 V for a drain current of 100 mA.

A typical application circitl 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 requiremehemust
ascertained by testing the application circuit. The first step is measuring theiauénvoltages
of the TGA2567 using benchtop power supplies and the results are shdvablé3-3. The
required gate voltages for a 100 rdéain current varies betweet.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-oment voltages of the HMC981 using
benchtop power supplies and the results are showahle3-4. The opercircuit gate voltage for
a target closedircuit voltage of-0.53 V is approximately +2.2 V. Although the voltages vary

around the expected value, they dravithin an acceptable coarse range.
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Figure3-36: Picture of the mied-signal board layout with the seven HMC981 sections highlighted
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Table 3-3: Benchtop, measured opeircuit voltages of the TGA2567 amplifiers for a constant drain current
requirement of 100 mA

Designator Circuit placement Drain Voltage (Vp) | Gate Voltage (\&1) | Gate Voltage (\2)
TGA256FA Chirp generation +5V -0.53V +1.3V
TGA2567B First transmit +5V -0.54V +1.3V
TGA2567-C Second transmit +5V -0.54V +1.3V
TGA2567%D Mixer Local Oscillator +5V -0.54V +1.3V
TGA2567E Final transmit driver +5V -0.52V +1.3V
TGA2567F Lower receive +5V -0.54V +1.3V
TGA2567-G Upper receive +5V -0.52V +1.3V

Table3-4: Benchtop, measured opeircuit voltages of the HMC981 actiwbias 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 (Vp) | Gate Voltage (\&1) | Gate Voltage (\2)
HMC981-A Chirp generation +4.961V +2.259V +1.296 V
HMC981-B First transmit +4.96 V +2.218 V +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 +1.287 V
HMC981-F Lower receive +4.958 V +2.161V +1.293V
HMC981-G Upper receive +4.959 V +2.397 V +1.298 V

The third and final step is to measure the clegetlit voltages after the boards are merged
and the results are shownTable3-5. The gate voltages@all close to the required ones shown
in Table3-3. 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 thesidcrea
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 signaépeariation 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 relativieddrF board-igure3-36 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 appropriate

Table3-5: Integrated, measured closeidcuit voltages of TGA2567 and HMC981 after merging the boards

Designator Circuit placement Drain Voltage (Vp) | Gate Voltage (\&1) | Gate Voltage (\2)
A Chirp genertion +4.374 V -0.536 V +1.297 V
B First transmit +4.406 V -0.531V +1.281V
C Second transmit +4.401V -0.534 Vv +1.288 V
D Mixer Local Oscillator +4.408 V -0.535V +1.278 V
E Final transmit driver +4.413V -0.513V +1.286 V
F Lower receive +4.414 V -0.539 vV +1.284 V
G Upper receive +4.405 V -0.513V +1.28V

3.3.3.2 RF Switch Bias and Control

The ADRF5020 by Analog Devices is a singlele, doublethrow switch that is capable

of operating over an UWB frequency range. It is a general purpose switch witleeiisallation

of 60 dB and operates from 10 OMHz to 30 GHz. It requires dual supply voltages of +52/5nd

V and consumes very low current. A notable feature is that the design -ieflemtive or

absorptive. This means that the ports are terminated 0 q

and hence

provid

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 supty. 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 stewn from-5 V to-2.5 V.
Additionally, the 74LVC1T45 translating transceiver is used to control the switchingtfrem
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 layoutRigure3-37.

Figure3-37: Picture of the mixegignal board layout with the ADRF5020 biasing and control sections highlighted

The tricky method of integrating both boards together causddgons 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 ibla 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
thesvitchds settling time by 15 ns at 10 GHz f c
acceptable since the radar is intended to be operated with a 0 dBm transmit power and does not

require fast switching characteristics.
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Figure3-38 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, tilintablefschargcterzadcRFLr e s p
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 decssain isolation at the higher frequency rangeld be attributed to the

effects of the short and operation with a single positive power supply.
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Figure3-38: Transmission gain/loss through both transmitises (excluding external components) for each control
port state of the RF switch

3.3.3.3 Phaselocked Loop

A Phasel.ocked Loop (PLL) primarily consists of three components: VCO, phase detector,
and loop filter. The VCO produces oscillations at the intended drexyuwhile 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 signahet 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 R.L design features two options to translate the chirp signal in frequency and compare

the phase with the reference sigmagjure3-39 shows the circuit diagram of the entire setup along

with both the options. The first option dilds the 11 19 GHz signal by a factor of 8 using the

HMC494 to obtain a 1.376 2.375 GHZ signal. The HMC440 contains a programmable divider

and a phaséequency detector. The signal is further divided by a factor of 7 and the phase is

compared with theeference signal from the mixesignal board. The reference signal is provided

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

options.
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Figure3-39: Phasdocked lmp 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 HMCZBis option provides flexibility, redundancy,

and eases the process of troubl eshooting. Mo
convenience when testing since the entire loop must be closed to successfully test the working of

the PLL. Howeverthe 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 determe 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 powefiessi 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 frequey and this result qualifies this particular VCO for the design.
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Figure3-40: Performance of the VCO for three separate trails to determine precision
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Figure3-41 shows the output spectrum of the PLL from a test setup similar to the one in
Figure3-17. A rack mounted Arena module is used to sweep through the full pulse and a spectrum
analyzer is used to measure the outpatspm. 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

attenuatiorand the same gain equalizer.
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Figure3-41: Output of the Phaslecked 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 sys
is unregulated and unfiltered. A B@C converter is required to regulate and filter this voltage and
a linear regulator is required to stédpwn to the nmerous required voltages. Four power boards
with each one providing three distinct voltages cover the power requirements for the entire radar

system.Table3-6 lists all components that require a power source and the requiregeslta



Table3-6: List of voltage and current requirements for the radar system
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Board/Placement Components Required Expected Power
Voltage current draw
Radio frequency Voltage Controlled Oscillator, +5V 487 mA 2.435W
board Distributed Amplifier, Divideby-8,
Synthesizer
Mixed-signal board | Active bias controllers, RF switch bia: +5V 1086.3 mA 54315 W
and control circuits, IF section
amplifiers, Phaséocked loop
components
Mixed-signal board | Loop filter/comparator +18V,-18V 6.5 mA 0.234 W
Standalone Phaselocked Oscillator +15V 220 mA 3.3wW
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 4.3B5W
Standalone Arena module +28 V 600 mA 16.8 W
External Mintbox computer +12V 600 mA 7.2W
Total power consumption expected for the entire radar system 39.9wW

The MQHL-28-28S and MQHLE28-7R5S DCDC converters by SynQor are used for both
the positie and negative power boards. It is a higlability, high-efficiency synchronous
rectifier technology designed and built for military standards. It operates at a fixed frequency and
the design contains no opiplators. The power conversion is performedwo-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 ampanges 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 therdadpaut (LDO)
regulator, as ghwn in Figure 3-42. A switching converter is first used to stépwn the voltage
since they generally have a higher conversion efficiency and better thermal performance than a
linear regulator. However, since the energyis statredt he i nductor ds magnet.
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 povides a steady, lowwoise 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 ¢togbly 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 tochoose 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 thmelleddnce of the
trace. The output capacitors fnaffect the st ea

voltage over/undershoot during |l oad current t
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Figure3-43: Circuit diagram of the negative voltage power board

The negative power board is designed by stepdown the voltage in two stages using

two linear regulatorsas shown ifrigure3-43. 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 transformeado 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 sge 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 he right subset dfigure3-6, 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.
Twistedpair cables are routed from this connector on ¢hassis wall to the Molex input
connectors on the board seerFigure 3-46: Picture of all four power boards stacked inside the
radar chassidt also shows the three positive power boards (A, B, and C) and the negative power

boad vertically stacked in the radar chassis.
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Figure3-44: Positive board layout with individual sections highlighted
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Figure3-45: Negative board layout witmdividual sections highlighted
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Figure3-46: Picture of all four power boards stacked inside the radar chassis

Table3-7: List of voltages for each power board and their performance pararsletevs
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, theltbtat generated by the regulators over a-pagod
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
compactprofile 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.
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Table3-7: List of voltages for each power board and their performance parameters

No load Full load
Current
Regq. 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 cbiuptest.
The output signal from the antenna transromireectors are fed back into the respective antenna
receive connectors after passing through an opdiekly line system. This setup simulates a single
point target by introducing propagation delay and looping back the same signal into the system.

The RF gnal is converted into the optical domain so that large propagation distances may be
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simulated within a limited fan factor. A custom designed fibeptic delay transceiver is used

that introduces a 1.725 ¢€s delay and an atten
Figure3-47 shows the entire setup for the leback test. A single power supply that provides

+28 V ats 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 thakcomponents 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
hardware '

Oscilloscope

ArenaGUI
operatedon
computer

! % A
R oA / R |

Arena module

= / Optical delay

Server stack line module

Figure3-47: Picture of the overall delaljne test setp

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 systenssisTdiwne 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 fomiaturized radais
already integrated into the chassis,seen ifrigure3-48. The design and capability of both Arena

modules are similar, so the performance is practically unchanged.
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Figure3-48: Picture of the delajine test setup with a cloag of the individual hardware components

The IF signal is received and sampled on the MSO 4054 Mbxgakl Oscilloscope by
Tektronix. It has a maximum receive frequency of 500 MHz and samples at 2.5@RP&3-49
shows the transmit AWG and receive IF waveforms on the oscilloscope. The attenuation effect of
the delayline is clearly seen in the amplitude variations of the received waveform. The
characteristics of a target are manifested as a chiangaveform 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 ltlge 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
Figure3-49.

The Fourier transform of the received IF wiren with a Hanning window applied is
shown inFigure 3-50. This is the delajine or loopback 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 ideal radar for such a target is a narrow peak with very lowlcme
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levels. For this system, the leadiadge sidelobe level is at a relative magnitudedodB. Thisis
caused due tamperfections in the waveform and nbnearity of the chirp signalThe first
trailing-edge sidelobe level is at a relative magnitude of 16.857R.is caused due to internal
reflections within the systenThis level appears to be hidpr a single target response, d@intay

be attributed tanoise from within the system and interference from other external sources. The
nearly 30 dB drop between the peak and the first traibdge null highlights the primary
requirementof a distinct, narrow peak. Theparametes qualify the performance othe radar

system.

Figure3-49: Picture of the transmit (PLL reference) and received IF waveforms on the oscilloscope






























































































































































































































































































































