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ABSTRACT

Overonesi xt h of Earthos popsedsaal snowpackséor i e s
freshwater supply. In the United States, the Colorado River Basin (CRB) gets 75% of its water
from snow melt; it constitutes the water supply of 40 million people in seven states, two
countries, and 5.5 million irrigated acres ofdaAn ultrawideband (UWB) radar enabling
snowpack information production in ne@attime would greatly aid in planning and effectively
distributing this precious resource.

The primary objective of this research is to design, develop, and optimize UVZB\VFM
(FrequencyModulated Continuou$Vave) radar systems for airborne snow measurements to
generate data products in neaaktime for operational applications. We need to address a few
significant engineering challenges to do this. The first is to deeloghsensitivity FMCW
radar providing neaideal response requiring minimal signal processing for a single and
multichannel configurationThese systems must overcome sensitivity limitations posed by the
internal reflections, chirp and system Horearities, and transmitteneceiver feedthrough
signals and operate in thermal noise regions, ensuring optimal performance. We can employ
coherent signal processing techniques with thermal #ioged systems and keep the transmit
power low.The second is tdevelop a MillsCross antenna array for the airborne platform for

these radar systems to obtain a narrow trarssogive beamwidth. Finally, we must

on



demonstrate that we can provide nesattime operational data products in the field with the
improved UWB radar.

We performed careful design, simulations, and optimization to reduce the effects of
system noslinearities, internal reflections, and chirplated norlinearities in the radar. We
extensively used modern computeded design (CAD) tools to optiee the transmitter and
receiver suksections of the radar to obtain a perfect point target response that does not need
additional signal processing. The radar we developed operates dveiGHz and uses only 10
mW of transmit power. We addressed the lelmgle of obtaining the high transmitierceiver
over ultrawide bandwidth and accommodating two large ndmbking antennas on medium
range aircraft with a-Bhape MillsCross antenna array with narrow tway beamwidth. We
demonstrated that we could elr snowpack results in near reahe for operational
applications within a few hours after completing each survey flight.

Keywords:Airborne FMCW Radar, MillsCross antennarray, Multi-channel FMCW

radar, Soil moisture radarDual-polarized Kuband radar Radar simulations
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INTRODUCTION

This dissertation research focuses on designing, developing, and optimizing FMCW radar
systems for airborne snow measurements to achieve -dde@apoint target response, utilizing
low transmit power and operating in thermal noise regions. The firs$ fufdne research is to
achieve a neadeal point target response using modern simulation tools to predict and correct
various system hardware deficiencies; second, to obtain an effective narrow footprirt using
Mills-Cross antenna array; thir, devebp signal and data processing algorithms for generating
data products for operational applications related to snow.

The first chapter of the literature review briefly presents the need for snow measurements
and the history of FMCW radars in such surv@yee second chapter follows up with the UWB
FMCW radar designs, block diagrams, and link budgets. The third chapter deals with the linear
and nonrlinear simulations performed to achieve an ideal point target response. The fourth
chapter includes careful dgsis and measurements of the system to identify spurious signals
and minimize them to obtain thermal naolsrited sensitivity. The fifth chapter presents the
details of the system integration and laboratory test results. The sixth chapter discusses field
operations and the results of the designed radar systems from the field deployments. Finally, the
last chapter presents the conclusions from this research and potential research further to improve

the radar performance for high altitude measurements.



CHAPTER 11 REVIEW OF LITERATURE

The FMCW radars have been in extensive use since the late 1970s for snow, soll
moisture, and icesheet measurements. Initially, researchers started using them with the help of
groundbased platforms and started watinborne platforms in the late 1990s. These radars have
matured over the last five decades with contributions from multiple researchers and scientists.
This introductory chapter includes a literature review of the necessity of the remote sensing of

snow, he motivation behind the presented research, FMCW radar operatnohshallenges

1.1 Necessity

Snow substantially impacts humans and the environment across the middle and high
latitudes of Earth's Northern Hemisphere, influencing biological, chemaiedlgeologic
processes near the Earth's surface [1]. Researchers predict hydrological changes in glaciers and
seasonal snowpacks could be severe for future water availability as more thsaxtooé
Earth's population relies on them for their fresh watgaply [2]. Zeng et al. [3] reported a
shortened snow season by 34 days over 9% of and a 41% annual maximum SWE reduction for
13% of observed snowy pixel data over the conterminous United States from 1982 to 2016.
According to NOAA's National Snow Analygsisnowcovered 51% of the contiguous United
States at the beginning of February 2023 [4].

The snow cover insulates tl@ndfrom the atmosphere and increases the surface albedo

[5, 6, 7]. On the regional scale, Betts et al. noted the influence of snthe sorface albedo
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from the observations from 13 climate stations in the Canadian Prairies; the semwipeeture
fell by about 10 K with fresh snowfall and rose by a similar amafiat snowmelt with snow
acting as a fast climate switch and the retataily humidity fell by 515% during snow cover
[8]. Thesnowmelt directlyinfluences thavaterrunoff timing and quantity in the river basins [9,
10]. Clow [9] concludes that highlevation mountains in Colorado with cold snowpacks are
experiencing substantial shifts in the timing of snowmelt and snowmelt runoff. In addition,
snowpack strongly impacts atmospheric circulation and seasonal forecastinghigimid
latitudes and regulates extreme winter temperatures [11, 12].

The effects ofhese hydrological changes are already visible in various local regions. The
Colorado River Basin (CRB) gets 75% of its water from snow melt. It constitutes the water
supply of 40 million people in seven states, two countries, and 5.5 million irrigaesdaidand
[13, 14]. The primary reservoirs on the Colorado Révérake Mead in the lower basin and Lake
Powell in the upper basinwhich allow storage of approximately four times the annual runoff,
are facing historic drought conditions. According to thé&thStates Bureau of Reclamation
data, Lake Mead dropped to a historic low of 1040.92 feet in July 2@ 2This drop in water
levelsaffects electricitygeneration and freshwater supply to multiple Western states. According
to economists]6], the wate from the CRB region supports $1.434 trillion in gross state
products and 16 million jobs in Arizona, Colorado, Nevada, New Mexico, California, Utah, and
Wyoming. This economic activity constituted etweelfth of the total U.S. gross domestic
product (GDPRin 2012. The unavailability of Colorado River water to residents, businesses,
industry, and agriculture can cause a loss of 64.4% of the CRB Region's annudlh@tzfore,
an accurate water availability assessment is crucial to regional water manageitosate

available water among varied stakeholder demands [14].
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In the United States, the network of sensor systems SNOTEL (SNOw TELemetry) from
the Natural Resource Conservation Service (NRC) provides very accurate point scale
measurements for snow weatequivalent (SWE) and snow deptb]flhowever, there are only
114 active SNOTEL sites in the entire state of Colorado as of April 12, 26RF[kthermore,
because of the low spatial density of these sensors, thege measurements do not reprasen
snowpack details on their own over large areds 18]; towards the end of the snowmelt season,
these sensors can report zero SWE, but snow cover remains in higher elevatiorvareas [1
addition, manual snow depth measurements are expensivedmsieming, and potentially
dangerous to the field crew, and the spatial intervals over which the snow depth can be measured
manually are limited19]. Therefore, accurately measuring the water content iarther
coveredregions becomes crucial for effectiyalistributing water resources. The illustrated

limitations present the need for remote sensing techniques.

1.2 Motivation

Airborne UWB FMCW radars have been widely used for snow measurements over the
last two decades [20, 21]. Also, UWB FMCW radars for soil moisture and other measurements
are being developed [22, 23]. These radars‘ideal point target response contributeshe
need for extensive peprocessing to generate snow and soil moisture data products. A
significant requirement for snow and soil moisture measurements is to provieealg¢ane
data products for operational applications. Therefore, there iddlam@aprove the radar's
performance to provide neateal point target response to reduce data-pastessing time.
Developing a radar that provides close to the perfect point target response with careful design,

simulations, optimization, and construetiis possible. This improvement can eliminate



extensive signal processing needs, where we can produce data products within a few hours after
completing the survey flight with the egite data processing.

It is possible to improve radar performance bynglkadvantage of simulation tools and
hardware developments over the last few years. One such example of radar simulation can be
traced to the early 2000s. KanagaratnBmi24] carried out a transient simulation of the radar
hardware and achieved a goodtahcbetween simulated and measured radar outputs. The
computing power's exponential growth following Moore's law fueled the development of
increasingly complex RF simulation tools. These advancements allow their utilization to do more
complex and computatnally intensive engo-end simulations of radar designs.

We can use a MilkCross antenna array structure pylon mounted on the aircraft's fuselage
in T-configuration with a separate transmit and receive antenna array with low sidelobes in both
alongtrackand crosdrack directions. This configuration reduces clutter and external radio
frequency interferenc&p, 2. In addition, this allows a highltitude airborne measurement of

snow and sea ice.

1.3FMCW Radar

The first conceptualization of this radgwes back to 1925 when E. V. Applet@7]
observed that whewe transmit the electric rays towards the dlaysget reflected from the
ionized layer in the atmosphere. The experiment included the measurement of the angles at
which waves deviated by tlamosphere reach the ground and contained details of conditions
when the reflections would be at maximum intensity. Even though the primary purpose of this
experiment was to test lofgtistance communications, the system developed by Appleton was

the firstoperational FMCW radar.



This experiment was followed by the patent filed by Jetson Be2fflyij 1928 from
Gener al El ectric Company for an OAirplane Al't
system that transmits electrical waves from an airpdentereceives reflected waves to measure
the instantaneous difference in frequency between the transmitted signal and received reflected
signal. He also details the difference in frequency of the transmitted and received signal as the
function of time, whib constitutes the altitude information of the plane above Earth. This patent
laid the foundation of the airborne FMCW radars we operate today.

Espenschied and Newhous9] presented an experimental terrain clearance indicator
system from Bell Telephone Laboratories in 1938, which used a similar concept as Bently. The
system they developed was able to detect altitudes between 20 and 5000 feet successfully. This
experiment \vas the first successful demonstration of airborne FMCW radar based on the
information available in the open literature.

The first use of FMCW radar for snow research can be traced back to a series of papers
from Ellerbruch et al.30] in 1977, Boyne and Hrbruch B1] in 1979, and Ellerbruch and
Boyne B2] in 1980. The first successful demonstration of siveaterequivalent calculation
from FMCW radar can be attributed to them. They used a portab?e@Hz Xband FMCW
radar to measure the physical properiof snow. They were able to calculate water
equivalence from FMCW radar data tt v Paccuracy

The first successful demonstration of measuringisedhickness using an FMCW
radar mounted on an aerial platform was conducted in the late 199@seaeally 2000s by a
team from The University of Kansa33, 34]. This FMCW radar operated from 2 to 6 GHz.
Simultaneously, Kanagaratnam et &5,[24], using an airborne 170 to 2000 MHz FMCW

radar, measured internal snow layers in Greenland. Microwalae raeasurement is still an
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active area of research, and the FMCW radars are in wide usage performing various

measurements. Most of the new automotive radars are based on the FMCW principle.
The transmit signal frequency of an FMCW radar is linearly $\asp function of

time. The phase of the transmit sigm 0), changes quadratically over the durat”YriThe

transmit signal, E(t) can be expressed as

00 "000Q - (1.1)
This frequencymodulated chirp signal is then transmitted towards a target. This signal
travels at the speed of light in free spagéhen the signal encounters a target, the target
reflects some qrtion of its energy toward the sourd®hen this signal reaches the receitbg
signalhas traveled twice the range between the target and radar and is delayefl by
T — (1.2)
When we compare these transmitted and received signals, the difference (intermediate
frequency signal after mixer operation) after taking a Fourier Transform generates a single
frequency signg’Nthat contains the information of the target. The RF moperation
generates both sum and difference signals. Anai@sing low pass filter used in the IF radar

chain suppresses the sum signal product.
n — (1.3)
This operation of the FMCWadar is explained in Figurkl for a point target. The

range information of the target can be extracted from the beat frequency using the following

formula;

i — (1.4)
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1.4Challenges

The ideal radar impulse response will have symmetric sidelobes (as shown inlFyure
the first one at31.47 dB B6] for a normalized signal computed using a Hanning window, and
the remaining sidelobes should continually decrease on each side anficavéye main lobe
for a point target. The width of the main lobe is inversely proportional to the bandwidth. Higher
bandwidth results in a narrow main lobe. The width of this lobe is directly associated with the
resolution. We usually compattee width at3 dB and 10 dB points from the peak for the
resolution calculations. Each RF component can degrade this ideal response. The challenge is
maintaining this response as close to the ideal as possible for the final radar hatdpusite
reduce additionalnpcessing required-he additional processing will require determining the
system response using calibration targets and deconvolving the data for systenmlékeetse
various reasons behind degradations of the ideal shape of the impulse reBpensest

significant are internal reflections, phase errors, and amplitude errors.

1.4.1Internal reflections

We are using a 50 Ohm impedance standard for the radar design, so the components used
for this radar should ideally have a 50 Ohm impedance match on both input and output ports.
The deviation from this ideal impedance is usually represented by the terrR \\&Wage
Wave Standing Ratio), which is a measure of efficiency that denotes the impedance matching of
loads to the characteristic impedance of the transmissiorflihee VSWR val ue i s al
[37] The impedance mismatch causes the porti@nefgy passing through the medium to

reflect and this portion of the signal can introduce further unwanted products in the radar signal.



1.4.2Phase and amplitude errors

Phase and amplitude errors are a major source of performance degradation in a radar.
These errors can be present in the transmit signal or can be introduced by various RF
components. Figre1.2 shows how different types of phase errors affect the ideal impulse
response. Sinusoidal errors introduce ripples in phase or phase modulat®bediflequency
signal. These errors will cause symmetric raised sidelobes in the impulse response for high
frequency (HF) terms and can cause asymmetric sidelobes fdrdquency (LF) terms. Cubic
phase errors widen the main lobe, and a quartic pmesecauses asymmetric sidelob88, [

39.
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Figurel.2: Phase error effects comparison with ideal Hanning window: a) Sinusoidal phase
error; b) Cubic and quartic phase
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The amplitudenodulation on the chirp signal introduces symmetric raised sidelobes in
the impulse response, much like the sinusoidal phase 88@&9. Amplitude taper errors
cause widened main lobe and fill nulls in the impulse respdrse are various ways to
correct these errors, both in hardware and in{postessingWe can predict these
degradations in the radar hardware in advance using extensive linear and nonlinear system
simulations presented in upcoming sections and apply appropriate remedies totbesect

degradations.
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CHAPTER 21 UWB FMCW RADAR PRELIMINARY DESIGN

The radar design is a complex process, beginning with the link budget calculations to
determine the feasibility, followed by the initial block diagram. Once the basic design is ready, it
comes to the simulations and subsystems design, where a caretidseethe RF and power
components materializes. Here radar sections can be isolated, analyzed, and optimized for the
best performancénce the subsystem designs are complete and validated for RF performance
and thermal stability, the analysis of #rclosure structure and enclosure's effect on thermal
stability comes into effecEinally, when the radar integration is complete using optimized RF
and power subsystems, the radar is calibrated utilizing a point target like an optical delay line
setup. his chapter will discuss the link budget calculations for the faditing snow radar

and the radar block diagrams.

2.1Link budget calculations

The radar link budget calculation is the first crucial step in the design and performance
evaluation of theadar systemThese calculations analyze the radar power budget, including
transmitted power, system losses, antenna gain, received power level, receiver sensitivity, and
signalto-noise ratioln addition, the analysis considers the system noise, free épsses,
antenna beamwidth, and maximum detectable range. The system losses include cable and
connector attenuation. The receiver sensitivity considers the thermal noise of the receiver

hardware and deals with the minimum signal level that the recewnetatect. For our case, we
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also must consider the saturation levels for the receiver, as the signal reflected from the water

body will be much higher than the one from the snow.
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Figure2.1: Nadir looking @&borne radar operations.

The received power is a function of the target geometry, i.e., snow bed reflection
coefficient ), total snow lossl{ ), and radar characteristics, i.e., transmitted powe, (
operating wavelength J, andantenna gain'©@R'O). This equation will also include geometric
spreading loss ternpf t“ ¢Y ), hardware integration gaiitJ ), coherent or incoherent

integrations gain’Q ), and processing gaifl} ). The processing gain term dgls on if the
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calculation considers IF bandwidth based on chirp length or receiver envelope as IF bandwidth.
Analyses considering IF bandwidth based on chirp length already include the processing gain,

but we must include the processing gain term foctieulations using the receiver envelope as

IF bandwidth. Regardless of the approach, both ways should yield the same results for FMCW

radar.Tables 1 and 2 present radar parameters for the sthglenel and mukthannel systems.

TABLE 1: Radarsystem parameteiissinglechannel radar

Quantity Value Units
Frequency 2.7-10.7 | GHz
Range (Altitude) 200650 m (Tested)
Chirp Length 140 tO
Pulse repetition interval | 180 tO
Transmit Antenna Gain | 18 dBi
Receiver Antenna Gain | 15 dBi
Transmit Power 10 dBm (18 dBm max.)

TABLE 2: Radar system parametérmulti-channel radar

Quantity Value Units
Frequency 2-11 GHz
Range (Altitude) 200-650 m (Tested)
Number of receivers 8 -
Chirp Length 180 tO
Pulse repetition interval | 200 tO
Transmit Antenna Gain | 17 dBi
Receiver Antenna Gain | 5 dBi (per channel)
Transmit Power 10 dBm (18 dBm max.)

transmit antenna gaificj
1& "O'Oxy bandwidth ¢

L TTdn), andaircraft velocity (

2.1.1Single channel radar link budget

p Q 4, receiver antenna gaifQ)
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coefficient @) is ¢ 10 § and snow loss)( is o 10 6 The following subsections will

discuss the link budgets for single and mahliannel systems using these rgoaameters.

2.1.1.1Using IF bandwidth based on chirp length.
We can calculate IF bandwidth using the chirp length and the windowing factor as follows:
0 pr’Y w'QE prp ymp 1 p& T Y p 0Oaq (2.1)
The thermal noise calculations, in this case, use room temperature, Boltzmann's constant, and the

IF bandwidth we obtained from the chirp length.

5 QY (2.2)
0 Pl T CCcCwpw ¢T3 POYTOT YP g pm O
0 p o®DTQO &

The noise figurdl "O ) of the radar can be assumed|£8 6(3dB Attenuation+ 3dB
Amplifier + 2dB Cablg We are doing six hardware integrations. For these calculations, we are
not considering coherent or incoherent averages.final thermal noise is the addition of the
two as follows:
0 0 0O PCRRWO & (2.3)

We can express the received power equation as:

0 22 (2.4)

L ® PpUPU &G Cm oM XEY T @Y UK
0 p Tih Q6 &
The final signato-noise ratio adds received power and thermal noise on a decibel scale.

YO Y v 0 pPTIPHC pcBT KIS (25)
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2.1.1.2Usingreceiver envelope as IF bandwidth.

For this approach, we consider the full receiver envelope as IF bandifidtmain filter

passbandie., 6 T LGp"Odand calculate bin width with the Hanning window factor as
0 Q¢ 0 Q¢ w Q¢ pr’Y p8 1 (2.6)
0 Q¢ vd vuvgmn p&8 1T Y p OQ

The processing gain then becomes the ratio of the IF bandwidth and Bin width,
"0 pni I C— tuvnpftry pfi t@ms (2.7

The thermal noise using the new IF bandwidth becomes,

0 foXe%
0 Pl T Ccwpw ¢ms pHYMTET YT, TUTPT OT
0 PB M0 &
0 0 00 X @ M0 &

We can express the modified received power equation as follows:

0 28 (2.8)

~

L ® PUPU ¢ &C CMm OT XZW T TR @AY VX
0 L QB G
The final signatto-noise ratio adds received power and thermal noise on a decibel scale.

YO 'Y 0 O VG X®@ T ¢iURod (2.9)

From equations 2.5 and 2.9, it is evident that both approaches provide the same result.
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2.1.2Multi -channel radar link budget

For the multichannel system, the receive antenna ga&infor each channel is Q 6for
eight individual channels. We can treat adding eight channels as coherent averaging for
simplification. The added gain of this integration would®e p 1 | TpQu

Bt AQ 6 We can augment the received power equation as follows:

0 2 (2.10)

~

L ® pU U &P M OT XgW T WBIO Q@Y UK
0 pTIgp A6 &
This provides us with the following sigrg-noise ratio:

YO Y 0 0 PTIEPC pCBRT ¢ & X6 (2.11)

Based on the radar application, we usually apply coherent and incoherent integrations to the
radar signal or additional processing technigeeas.,synthetic aperture radar processing

algorithms, further improving the sigrta-noise ratio.

2.2Radar block diagrams

The radar comprises four main subsystems: digital, RF, antenna, and DC power. The RF
system includes two main subsections: UWB chirpegation and radar transnrgceive
module. Figure 2.2 shows the system architecture of the FMCW radar (top) and the chirp
conditioning stage (bottom). We analyzed two approaches to generating transmitter chirp signals.
One of these generates a lwqueng (0.1-1.1 GHz) chirp using an arbitrary waveform
generator (AWG) in the digital subsystem. The AWG generates a baseband chirp sigral of 0.1
1.1 GHz with a 2.4 GHz sampling frequency. However, a chirp signal with 1 GHz bandwidth

cannot provide fingesoluton measurements. Therefore, the chirp signal passes through the
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upconverter, frequency multiplier, and downconverter to obtain a UWB chirp of 8 GHz over the

frequency range of 2.7 GHI0.7 GHz. We define this as the chirp conditioning stage.
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Figure2.2: Single channel radar block diagram and old chirp conditioning stage.

The multiplier stage consists of three different RF chains connected consecutively on one
board. The first chain contains aspave frequency doubler that is followed by a bandpass filter,
amplifier, and reflectionless loyass filter. This chain converts 23% GHz to 57 GHz. The
second stage consists of a 2X active frequency multiplier and filters for convertingais
signal to 1014 GHz. The final multiplier stage includes a 2X active multiplier and filters for
converting 1614 GHz to 2628 GHz. A frequency doubler or multiplier output consists of a
desired second harmonic and other frequency components, includingdaenntal, higher

harmonics, and spurious products. The filters in the RF chains suppress these unwanted products.
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The second approach uses an external arbitrary waveform generator that can produce a direct
chirp signal of 2.710.7 GHz with a 65 GHz sampgjrfrequency.

The UWB chirp generated using the multiplication approach using mixers and multipliers
results in nonlinearities and spurious higbeder products. In addition, the multiplication
process causes degradations in the phase noise by a fagtortof @ [40]. The chirp signal
will also be amplitude modulated by amplifiers and filters. The amplitude modulation results in
symmetric sidelobes in the bdatquency signal, and frequenphase modulations result in
asymmetrical sidelobes [38].

We thoroughly analyzed both approaches, identified shortcomings, and improved the
radar performance to get a neédeal response. We achieved these improvements by performing
extensive linear and ndmear simulations and using the simulation results toropé the
system. We discuss these improvement stages and the selection of the chirp generation approach
in Chapters 3, 4, and 5.

We added the delay line in the radar setup using SPDT switches. This addition enables
monitoring the radar performance in thie for a point target when the aircraft is aligning for
survey flight lines. In addition, we have a physical switch to transition the transmit and receiver
signal between the antenna and delay line sdtugpintroduction of a calibration loop, in turn,
allows the capability of turning off the radar transmitter and receiver signal by routing the signal
into a closedoop system protecting the radar hardware without turning off the radar itself.

As presented in Figure 2.3, we upgraded the system to accatereght individual
receivers for the mukthannel radar system. We use a 1:8 power divider to provide a local
oscillator (LO) reference signal to all eight receiver channels. We retain the calibration loop with

the use of the SPDT switches. In this ¢cage divide the RF out signal from the delay line using
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another 1:8 power divider. Using the calibration loop, we can monitor the health of all eight

channels simultaneously in flight.
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Figure2.3: Multi-channel radar block diagram

In Figure 2.4, we present how different systems in the radar setup communicate and
synchronize with each other. The radar includesk generation hardware, which produces
synchronized 10 MHz and 100 MHz clocR$ie Arena digitalsystem accepts a 10 MHz clock
signal, andhe Keysight AWG accepts a 100 MHz clock signal. GPS chassis, which includes the
controller for the gimbal hardware of the antenna, also provides a GPS signal to the Arena
system so it can record and log the reedidata with GPS time reference. A trigger TTL signal
provided by Arena enables the chirp signal output from the Keysight AWG. Based on the control
input to the SPDT switch, the signal either goes to the antenna setup or the delay line calibration

setup.
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Figure2.4: Connection diagram of various systems of mcittannel radar unit.

2.3Mills -Cross antenna for smaller effective footprint

Mills-Cross antenna, named after B. Y. Mild,[42], is asparsaype of phased array
antenna. The original Mik€ross antenna consisted of two long thin arrays of parallel dipole
placed above a horizontal reflector plane, while the array placed orthogonal to each other, one in
the eastvest line, the other irhe northsouth line.

We are focusing on a-3hape MillsCross antennalf] for this application to obtain a
smaller effective footprint. The transmit antenna will have a narrow beamwidth in the along

track and a wide beam in the crassck direction. The receiver antenna will have wide
21



beamwidth in the alongrack and narrowdmam and crossack direction. The overlapped

footprint we will get from this will be narrow in both directions.

Nadir Mode

Receiver Antenna Footprint

Footprint overlap

Figure2.5: Mill -Cross antenna footprint for a single channel airborne radar
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Figure2.5 presents the visual for the snow measurements using the@Wits antenna.
Once we have a multhannel radar system and multiple individual receivers, we can steer the

beam in the crossack direction, as shown in Figu2es.
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Figure2.6: Mill -Cross antenna footprint for a mutihannel airborne radar
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CHAPTER 31 UWB FMCW RADAR DETAILED DESIGN

In this chapter, we will discuss the design flow of the radar. Once the basic radar design, link
budget, and feasibility study are complete, we move to the detailed designTghaskesign
phasencludes careful RF component selection and custom deSRR oomponents like RF

filters, followed by transient simulations to identify and rectify nonlinearities and internal
reflections. Next, harmonic balance simulations provide necessary information on passband and
harmonic products in the optimized desiBased on these results, we can redo the selection of
required components and finetune filters. If we meet the design and performance requirements,
we can design the layout for RF chains and perform a 3D EM simulation. The 3D EM
simulations provide an addinal layer of verification on the RF chain performance once we
include them in our transient and harmonic balance simulations. Based on these results, we can
either finetune the layout design furthemoove on to the fabrication, assembly, and testing
phases. Figure 3.1 presents the design flow discussed here. We will discuss each step in detail in

the following sections.
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3.1RF component selection andilter design

The RFcomponent selection stage is the crucial starting point for the radar design. The
most significant components include the mixer, multiplier, amplifier, and filter. In selecting a
mixer, input RF and LO power levels, intermodulation products, ahdiEndLO-RF
isolations play a prominent role. The LO power level is associated with conversion loss [44]. The
RF/IF power determines the levels of spurious products as distortion introduced by
intermodulation distortion. The slope for desired IF signal and Riapy input signal is 1:1,
and the slope for thirdrder products is 3:1, as shown in Figure 3.2 [45]. The-tder
products can be reduced by carefully selecting the mixer and reducing strong feedthrough signals
because a 18B reduction of the inputignal results in a 3dB reduction of thirebrder
product® a netreduction of20 dB with respect to the input sign®lost mixers do not have a
good VSWR, so we must use attenuators for padding at all three ports. In addition, the isolation
between portseeds careful consideration to avoid signal leakage issues.

Like the mixer, the input drive level is crucial in the multiplier selection to achieve
optimal performance. Here the 2F is the desired output signal, and 1F, 3F, and 4F rejection
characteristicglefine filter requirements. The amplifier requirement depends on the location and
purpose of the component. P1dB saturation point, noise figure, gain, reverse isolation, and
harmonic levels are crucial in selecting these components. For example, we aexilal low
noise, low gain, and high reverse isolation amplifier to boost the received signal. Here the
amplifier is more beneficial for reverse isolation to prevent the reflected signal from returning to
the antenna from the mixer than the amplificatigelit

RF filters are essential in keeping unwanted products at a minimum level. Apart from the

passband 3 dB cuiff point, insertion loss, and rejection/attenuation levels of unwanted signal,
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the group delay and amplitude ripple play a significant rotherfilter selection. In addition, we

factor in the linearity of the filter response for the performance of the entire RF chains.

Cutput I 3
Power (dBm)
Extrapolated 0
1:1 Slope !
S : Input Third Order
g / Intercept Point
. : =
® RF Input
Power (dBm)
Measured
IF Extrapolated
31 Slope
O
™~ Measured
MDD
O

Figure3.2: Graphical representation of input third order intercept andl8de from Marki
Microwave application note [44]

Several factors can affect the linearity of RF filters, including the filter type, circuit
topology, and filter order. For example, the Bessel filter has a better transient response due to the
linear phasén the passband but will have less rejection; contrary, the Chebyshev filters improve
the rejection at the expense of transient behad&jr Therefore, it comes down to the radar's
design requirements to prioritize the filters' amplitude and phase characteristics. In addition, the
choice of substrate needs careful consideration for better insertion loss characteristics at higher
frequenciegor custom filter design. For the chirp conditioning stage presented in Figure 2.2, the

initial chirp of 1 GHz bandwidth progresses throughupeonversiorstage and three
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multiplication stages. Therefore, attenuating-oidband signals becomes crudialavoid

products in passband signals.

0 68.786 mm

98.479 mm

21.732 mm
(©) (d)
24.557 mm 35.965 mm
10 20 30
0 0
19.987 mm 19.154 mm
(e) ()

Figure3.3: Custom filter designsa) elliptic 1.1 GHz LPF (1.order), b) hairpin 3 GHz BPF
(13" order), c) hairpin 6 GHz BPF {{%rder), d) edge coupled 12 GHz BPH @Gtder), e) edge
coupled 24 GHz BPF (order), and f) hybri®.7 GHz BPFusing Mini-Circuits HPF and
custom stepped LPF ({Drder)
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Figure3.4: Simulated vs. measured responses of filter designs, a) 1.1 GHz LPF, b)3 GHz BPF, c)
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Theup-conversion uses a sharp-ait high attenuation 1.1 GHz lowass filter tcattenuatehe

second Nyquist zone frequencies starting at 1.3 GHz due to a sampling frequency of 2.4 GHz for
the baseband signal. It also uses a 3 GHz bandpass filter tamejémiver sideband at 2233

GHz. Both filter designs use TMM10 50 mil 1 Oz substrate from Rogers. The multiplication

stage includes 5 GHz, 12 GHz, and 24 GHz bandpass filters to allow desired product 2F and
reject 1F, 3F, and 4 F products. Finally, ttemsmitter and receiver designs use a hybrid filter
comprised of a high pass filter from Mi@iircuits cascaded with a custom lowpass filter to

provide a bandpass response at 6.7 GHz center frequency. The multiplier, transmit, and receiver
chain uses RogemR0O3003 20 mil 1 Oz substrate. Figure 3.3 presents the layouts of the filter

designs, and Figure 3.4 compares simulated and measured responses.

3.2 Transient simulations

We use timedomain simulation in ADS to identify phase errors, amplitude errods, an
internal reflections of RF components and chains. A chain of ideal components, including a
power splitter, mixer, time delay, and attenuation, is used to compute the impulse response of the
RF chain. A chirp signal is provided to the RF chain undemntgstind the output goes to this
ideal setup for calculating beat frequency based on the time delay and attenuation. By comparing
the impulse response of the signal passed through the RF chain with the ideal one, we can
identify the type of error presentthne circuit. Once the error is specified, we can apply remedies
to correct the inaccuracy.

Figure 35 shows a template for the transient simulation. The input is an iek2&Hz
chirp with a 40 us chirp length and 50 us pulse repetition interval (Pid)signal passes

through dow pasdilter commonly used at this location to suppress harmonic products or
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Nyquist frequencies. The signal then passes through-avaygower splitter; one portion goes

to transmit chain and the other to the local oscillét®) chain. The transmitter chain amplifies
and filters the signal to reach the desired power level. A combination of an attenuator and time
delay is in place to replicate the antenna transmission and reception, where the signal passes
through the mediurmcurring power loss and reflection from the target. This setup simulates a
single ideal point target. The delay introduced is for theway transmission, 3.34s referring

to a 1 km distance representing a target at 500 m. The received signal isedrapilif filtered

before going to the RF mixer. The LO chain amplifies and filters the signal to reach the desired
drive level of the mixer. The mixer performs pulse compression in hardware to generate a beat
frequency (IF). The beat frequency is not aglhut a singléone frequency directly

corresponding to the target range.

FMCW Radar Simulation Template
| Transmit
q -, &2
Input Chirp _J | =
: +_input LPF_Butterwortt
1l %—'\-'——( Amplifier_Gain [ pep
PtRF_Pulse AMP1 c=
PORT1 LPF_Butterworth ~ PwrSplit2 gg T Attenuator
LPF1 PWRA1 Ly}
Num=1 - : 35 ATTEN1
P=dbmtow(-10) T Amplifier_Gain 8F | "W\~ | Loss=70 dB
Freq=1 GHz @E AMP2 << VSWR=1
Width=40 usec TRANSIENT X!
Period=50 usec LO = TimeDelay
Chirp=2 GHz Iran 3= D1
Tran1 LPF_Butterworth 93 ¢(_(> Delay=3.34 used
StopTime=50 usec LPF3 P ZRef=50. Ohm
MaxTimeStep=10 nsec 888 5 l
=<
IF \ Receive ]
@M— N ’<}~ Lo o
iermgz LPF_Butterwor hmplifier Gainl\/Ii><er LPFiButterwortAh -
Chiul LPF4 - MIX1 LPF5 el (ER i Shriniwas Kolpuke,
Num=2 AMP3 AMP4 Remote Sensing Center,
Z=50 Ohm The University of Alabama

Figure3.5: FMCW Radar simulation template using transient analysis in Keysight ADS
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Figure3.6: Output of the FMCW Radar simulation template using the output of the transient
simulations.

Figure3.6 shows the input timelomain chirp (uppeleft), the frequency spectrum of the
chirp (lowerleft), the IF output signal faperright), and the frequency domain of the IF signal
with a rectangular window (lowaight). A Hanning window option is also available that is more

suitable for snow and soil moisture applications.
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3.3 Internal reflections analysis

When it comes t&®kF systems, each additional connection, and Hopithut port of RF
components generate reflections. The reflected power depends on the impedance match
between these ports. The components used for this radar should ideally ha@dia 50
impedance on botmput and output ports. Any deviation from this ideal impedance is a cause
of reflection. The term VSWR (Voltage Wave Standing Ratio) is a measure of efficiency that
denotes the impedance matching of loads to the transmission line's characteristic impedance
The ideal VSWR value is one. The VSWR calcul a
[37]:

WY — (3.1)

The Sparameter files are available for most RF components. A 1paitiVector
Network Analyzer (VNA) measurement provides Bwparametefiles for those not readily
available. The custom filters, RF mixers, and multipliers usually do not have these parameters
readily available. We calculated the RF chains' multiple reflections using thes@a®@eter
files. We used MATLAB and $¢arameter files to calculate the expected reflected power from
the RF component ports as a function of frequency. The example we present here contains an
RF chain with the following parts:

a) Attenuator
b) 20-28 GHz custom BPF
c) Attenuator

d) SouthwesEnd-Launch connector
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Figure3.7: Multiple reflection analysis, a) RF chain block diagram and reflection flow, b)

reflections as a function of frequency at load, aneft@¢ctions as a function of frequency at
source
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Figure 37(a) shows a setup for calculating the multiple reflections, including a block
diagram, reflections flow, and formulas. The reflected power as a function of frequency for
load and source ports is@hlin in Figure 37(b) and 37(c), respectivelyThe RF chain shown
has the configuration attenuatfilter-attenuatorconnector. The input source port of the first
component hac*  as the reflection coefficient attained from the S11 parameter; thetoutpu
load port has reflection coefficie¢® acquired from S22, ar'® and™® are return isolation

and forward gain parameters obtained from S12 and S21, respectively. We performed similar
port assignments on the remaining RF components. The trasismefficientt equals to

p « . The formula for calculating reflections at each element is provided in the figure. A
frequencydependent reflected power plot is shown for input and output ports of the RF
components. The reflections are lower th40 dB. These reflections will be higher if the
components have poor impedance match or arpnoperlyterminatedn a matched loady
carefully simulating each sedystem as shown in the Figu8e/, thepotential sources of
strong reflections betweemmponents that can degrade FMCW radar performance are

minimized.

3.4 Harmonic balance simulations

Harmonic balance nonlinear simulations aid in the identification of intermodulation
products and distortions in the circuit output spectrum. A typical RF mixer based on up
conversion or dowatonversion operationgenera @ 00 &€ O r & 00
€ Y7 )products, respectively. Apartfro p 00 p Or p 00 p ‘Y")the
remaining are spurious products. It is common to keep the input power level lowet@han
dBm to reduce the spurious products; however, this does not guaranteeptim@essproducts
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will not degrade radar performance. Similarly, in the RF multiplication operation using either
an RF doubler ooy RF multiplier, the desired product{”O However, the "Q 3'Q and <O

products are still present in the signal, andahmplitude varies based on the harmonic

isolation properties of the particular device. These types of spurious products can be identified

through harmonic balance simulations.

[Harmonic Balance Simulation Setup| |&ﬁ | HARMONIC BALANCE I Shriniwas Kolpuke,
Remote Sensing Center,
The University of Alab
KAT-6+ ZX60-43-SBFCN-2435+ YAT-3+ :;r1mon\08a\ance e University of Alabama
IIHW Freq[1]=LO_freq GHz
Freq[2]=IF_freq MHz
P_1Tone < L < L Order[1]=9
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Num=3 SnP13 SnP14 SnP16 SnP15 = piess THTRAS
Zacoohm |r$j PARAMETER SWEEP I (&) Measan
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_LO_Mix

Freq=LO_freq GHz ParamSweep VAR P—RF—_MIX = Gl NFL)
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Figure3.8: Harmonic Balance simulation setup example ofddpversion using Keysight ADS

Figure 38 shows a typical template of harmonic balance simulation for up conversion.
The baseband chirp input 8111 GHz (IF) is mixed with a.2 GHz (LO) clock using a Marki
Microwave MM1-0212LCH mixer. The IF chain contains a custom 1.1 GHz LPF and a
reflectionless LPF, along with an attenuator padding. The purpose of these filters is to suppress
the Nyquist frequencies of the baseband sigitag LO chain contains an amplifier to achieve
a sufficient mixer drive level, followed by a filter to reduce harmonic products. The RF chain
consists of amplifiers to increase the power level to the required level for the next stage and

sharp 3 GHz bandpsdilters to suppress any eaf-band products.
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Figure 39 presents the output spectrum; the top plot consists of products being
generated on the three ports of the mixer, and the bottom plot shows the spectrum at two inputs
(IF and LO) and one output (Rpprt of the RF chains. In the top plot, the sum and difference
products of the mixer operation 1233 GHz and 2.8.5 GHz are clearly visible. These are
primary products from an ideal mixer operation of-0.1 GHz and 2.4 GHz signals. The
second harmouniof the LO signal is visible at 4.8 GHz, along with the secondary products
generated at 3:4.7 GHz and 4.%.9 GHz. The leakage between RF, IF, and LO mixer ports
generates similar products further. The bottom plot shows the RF chain output spectrcim, whi
uses the sharp 3 GHz BPF to remove anyafitiiand products. Even though the stage cleans
up most of the spectrum around the band of interest, the intermodulation products in the

passband remain.
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Figure3.9: Output of Harmonic Balance simulation setup example etbtlpversion using
Keysight ADS

With this analysispptimizing the RF chain such that the output has minimum
intermodulation products is possible. This simulation also predicts the power levels of other
out-of-band harmonics and effects, and we can use this information to define constraints for

the RF filtes.

3.5 Layout design

Optimum performance from RF chains requires accurate RF layout design. We are
using Keysight ADS for the layout designs. We present the design flow in Figure 3.10. The
design process starts with selecting the substrate and calgulaiparameters for the chosen

transmission line type. The most common types include standard microstrip lines with bottom
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ground pads and coplanar waveguide ground (CPWG). The selection process depends on the
critical components in the chain. For exampéedesign a combined multiplier stage, we

designed all three filters required on the same type of substrate, i.e., RO3003 20 mil 1 Oz. This
commonality enables us to develop the entire chain on one board; however, the footprint and
pads of all other congments need modification to meet thedtm match requirements.

Power traces in RF boards need special consideration. Suppose two components have common
power inputs on different sides of the transmission line. In that case, we can route it from the
bottomlayer, preferably keeping the route below the IC ground pad to avoid discontinuity in

the CPWG path. It is essential to use proper vias to isolate the transmission line from the
power line and follow the design recommendations of respective parts. Tivpagie

tapering is required when we add custom components like RF filters and combine microstrip

design with CPWG.
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Figure3.10: Layout design flow

Once the final combined layout is ready, it is necessary to run a few checks to avoid the
most common mistakes. The review can start with validating the correct transmission line
width and gap to match 50 Ohm calculations, followed by testing disconéisaitid shorts in
transmission and power lines. When we merge different component layouts and footprints, we
merge their bill of materials (BOM). Therefore, it is crucial to avoid any naming conflicts and

BOM mismatches. We must account for all the lumpathgonents in the different modules,
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like amplifiers. There should be additional checks of integrated circuits (IC) ground pad vias
and power line routing vias to avoid issues with the drill layer. Finally, checking for missing
solder masks is a good ideagrevent covering soldering pads and RF filt€igures 1114
present layout designs of the-apnverter, multiplier, receiver, and transmitter modules. We

can move to the 3D EM simulation stage when the layout designs are ready.

0 188.298 mm

Microwave Radar Up-converter Module,
{V4 2021 RO TMM10 50 mil 1 Oz}

Remote Sensing Center,
The University of Alabama
(Shriniwas Kolpuke)

................................................................................................. 126.248 mm

Figure3.11: Layout design of tygonverter module
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0 186.014 mm
100

Figure3.12: Layout design of multiplier module

0 129.725 mm
100

0

Figure3.13: Layout design of receiver module
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Figure3.14: Layout design of transmitter module

When putting multiple RF components and boards nearby, it is essectasider the
metal enclosure and power EMI filter to avoid RF leakage and crosstalk issues. In addition, we
must design these enclosures not to degrade the RF or thermal characteristics of the components
or chains. We can include metal sthiambers to sepate different RF subsections and power
sections. If necessary, we can used®Borbing foam. Figure 3.15 shows an example of our
receiver enclosure design which has IF, RF, LO, and power sections insulated from each other
and includes EMI filters. We hawecorporated vents to maintain thermal stability into the metal
cap of the receiver. We can move to the 3D EM simulation stage when the layout designs are

ready.
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Figure3.15: Receiver module enclosure dgsi

3.6 3D EM simulations

Apart from the component level simulation, it is also essential to consider the effect of
RF PCB layout design on radar performance. The Keysight ADS does a 2.5D EM simulation
with good accuracy for lower frequencies. Howevefreatuencies higher than 10 GHz and for
complicated geometries, a full 3D simulation using Ansys HFSS software is more appropriate.
Therefore, we used HFSS software for 3D EM simulations of the radar PCB layouts. S
parameters files of this board are impgadrinto the Keysight ADS software to do transient and
harmonic balance simulations, accounting for the characteristics of the PCB. Figsb®@vE
one such example of a 3D EM simulation in HE8Sa multiplier module. The via structure is

visible in zoaned portion.
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Figure3.16. 3D EM simulation setup of multiplier board
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Figure3.17: Filter responses from 3D EM simulation

EM simulation results for-5d GHz BPF, 1014 GHz BPF, and 208 GHz BPF filters
onboard are visible in Figure 3.1Similarly, board characteristics, port impedance, and return
loss are accounted for when thgp&ameters are input into ADS simulation. We also include the

S-parameterifes of the component present in the RF chain in the ADS simulation.
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3.7 Endto-end radar simulations

We analyze the performance of the RF design in both the time and frequency domains. In
the initial phase, we optimize the individual RF chaeparately and cascade them one by one
while monitoring their performance. We can perform-emdnd simulations for the entire radar
using the transient simulator; however, Keysight ADS recommends using the frequency
multiplier module in the software fanly the frequency domain (Harmonic balance)
simulations. Therefore, we compartmentalized the simulations for the chirp conditioning stage
and the main radar. Figure 3(&Bshows the entlb-end radar simulations example for a sirgle
layer simulation consting of the entire transmit and receiver module. Figure(B) pBesents
the radar module response for multiple target specifications. Here, V_IFx_norm represents a
single target, V_IFx_norm1 shows Two targets (3 meters apart, simulating 30dB path loss
between two targets), V_IFx_norm2 presents Multiple targets (Layers at every 0.2 meters after
the first target with 4dB path loss between each layer) a comparison with V_IFx_norm3 that is
ideal Hanning window response. Now, the degradation of the radansesjsovisible with a
widened main lobe on the leading edge of the main peak. We can tdistpregon and post
processing corrections to improve this response after we account for the RF PCB effects. Figure
3.19 presents the circuit models employedliersingle, dual, and multiple target simulation

incorporating antenna feedthrough signals.
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Figure3.19: Targetsimulation setup for transient simulations including antenna feedthrough
signal, a) single layer, b) two layers, c) multiple layers.
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Once the optimized chains and EM simulations are ready, we use the exported data from
the EM model in théransient and harmonic balance simulations to account for the effects of the
RF PCB board. Figure 3.20 presents an example of using EM simulation data to improve the
accuracy of the RF simulation models. Thep26t EM model of the multiplier chain obtahe
from HFSS simulations contains three custom filters and pads for all the RF components. We
incorporate the remaining component files with the EM simulation results to better estimate the

RF PCB board's effects on the performance of the multiplier chain.

’Microwave Radar Multiplier Chain #2‘ ’ Microwave Radar Multiplier Chain #3
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Figure3.20: Multiplier module harmonic balance simulations using 3D EM simulation results of
multiplier module PCB.

3.8 Final fabrication and assembly of the RF PCB designs.

TheRemoteSensingCenter at the University of Alabama haga@dPCB fabrication
facility. High-accuracymilling, and laser machines are available to remove copper from eopper
clad PCB. These advanced machines make fabricating PCB boards as thin as 0.127 mm possible.
A coppe plating machine is available to plate the via structures. The solder mask setup allows

adding a solder mask layer to fabricated PCB boards. All the necessary tools, including
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microscopes, are available to solder components as small as 0201 standdedapgohste and
infrared ovens are available for the IC chips with a bottom lead structure. The facility allows
rapid prototyping of PCB designs. Most of the components for this radar are fabricated and
assembled in these facilities. We only took out$adeication facility help to duplicate boards

when we needed these components in higher numbers, for example, receiver modules for multi
channel radar. Figure 3.21 shows the fabricated PCB desitinstegrated custom filters and

power modules

Figure3.21: Fabricated RF modules, a) tdpnverter module, b) multiplier module, c)
transmitter module, and d) receiver module
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3.9 Mills-Cross antenna design, fabricationand testing

We discussed the concept and necessity for using the G4ibiss antenna design in
section 2.3 for airborne measurements; here, we will discuss the antenna'’s design, fabrication,
and testing. For the singthannel radar, we used a coplanaraili antenna supported by a
dielectric patch antenna that we reported in [47]. Each Vivaldi board has four elements. Herein,
eight boards constitute the transmitter and form aelggent array. On the receiving side, four
boards form an 8x2lement arrayWWe arranged the transmitter and receiver antennas-ina T
shaped configuration. The radome for antenna arrays uses a lightweight dondddiverglass
material with 0.78 mm thickness. In addition, we added microwave absorbers to the corners to
reduce réections from the metal sheets and other radar components.

Furthermore, we added a metal sheet between the transmitter and receiver and covered it
with absorbers to improve the isolation. One of the major requirements to obtain high sensitivity
with an arborne lowpower FMCW radar is high isolation between transmit and receive
antennas. By carefully designing the antenna housing and radome, we obtained more than 50 dB
isolation over the frequency range from 2.7 to 9 GHz and 40 dB above 9 GHz. In addition
mounted the radar hardware and the power dividers needed for the antennas on the back of the
antenna reflector plate. As a result, the narrow side of the main transmitter beam is orthogonal to
the receiver, which allows the overlapping antenna'’s fot{p be small and improves the SNR.

We fabricated the antenna board and tested the final assembled module in the facilities
available at the remote sensing center. We tested and measured the antennas to validate the
results in the anechoic chamber, bsven in Figure 3.22. Figure 3.23 shows theasameters of
the antennas. The return loss is greater than 10 dB over the frequency rangE00BRLZ, and

the isolation between transmit and receive antennas is more than 40 dB over the radar frequency

51



rangeof operationOur preliminary analysis indicated the possibility of VNA internal noise as
the cause of the degradation in isolation measurements toward the higher frequencies. We did

not investigate this further as the design had already me¢guirements.

Figure3.22: T-shape MillsCross antenna array during measurements in anechoic chamber.
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Figure3.23: Measureds-parameters for the transmitter and receiver antennas for-singtael
radar system.
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We show the measured radiation patterns at 4 GHz urd&824. We weighted the 8 x 1
power divider used for the transmitter array by 3 dB at the edge elementsde tteekidelobes
in the crosdrack direction. The narrower side of the 3 dB point beamwidth for this antenna

configuration is ~13° for the transmitter and ~13° for the receiver at the lower frequency band.

—— Simulated cross-track ——— Simulated along-track

""""" Measured cross-track — = —Measured along-track

Figure3.24The antennads radi at i-cdhannepradarsysterm(@)at 4 Gl
transmitter (b) receiver.

For the multichannel radar, we modified the antenna design to start operating from 2.2
GHz. In addition, we changed teabstrate from RO3003 to RO4350B for extra strength and
durability. As a result, the new antenna design has larger dimensions in compéhsiie
earlierantenna arrays$-igure 3.25 shows the antenna mounted in the cavaylofin Otter
aircraft.During the laboratory tests, we did not observe any vibrations or deflections in the
antenna panels for the new desi@fe formed eight receive channels by combining signals from
two alongtrack antenna elements. We digitized the data from all eight channal$vienced
array processing to reduce craszck clutter that can mask weak echoes from slama

interfaces in areas with rough terrain and sldpe antennas have a good match (return loss) up
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to 13 GHz, as shown in Figure 3.26. We present the isnlagtween transmit antenna and
receiver antennas in Figure 3.27; we get more than 45 dB isolation in the desired frequency
range of 2 - 11 GHz. Figure 3.28 shows the radiation pattern of the transmit and receive

antenna for both aloAgack and crostrack.

Figure3.25: T-shape MillsCross antenna array for mutihannel system.
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Figure3.26: Measured $arameters for thieansmitter and receiver antennas for rcittannel
radar system

Figure3.27. Measured $arameters for the transmitter and receiver antennas forchattinel
radar system.
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