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ABSTRACT

The Student Led Test Bed (STB) is part of the N8Bikeering Research Center CASA and is
focused on developing and deploying low cost and iofrastructure weather radars to fill lower
atmosphere gaps not covered by current technolbgiact, some of these radars are deployed inasest
Puerto Rico where precipitation measurements ament@a complement measurements taken with the
NWS NEXRAD radar. These radars have the optiomsaig solar power and thus can be independent of
the power grid, so they are known as Off-The-G@IG) X-band radars. However; they are only
capable of providing rain reflectivity measurements modification was performed to achieve Doppler
capabilities for this radar so they can also measund speed. This enhancement was conducted
because Doppler capabilities allow the use of sapetutter removal algorithms than those used for
reflectivity-only radars, and the radar providesliidnal information about low level winds in weath

events in western Puerto Rico.

This project report describes the initial work e tdevelopment of the first OTG X-band Doppler
radar based on modifications of a marine radaro Tvethods to develop a coherent radar are discussed
the Injection Frequency Lock (IFL) method and tlseirlo Coherent method. From these two methods,
the Pseudo coherent method was selected after stseperformed at the Microwave Remote Sensing
Laboratory (MIRSL) at the University of MassachtiseAs a result a more detailed description of this

method is presented in this project report.



RESUMEN

El lugar de prueba liderado por estudiantes (STiBspe siglas en inglés) es parte del Centro de
investigacion de ingenieria de la Fundacion NadideaCiencia (NSF por sus siglas en inglés) llamado
CASA y se enfoca en el desarrollo, ensamblaje lason de radares meteorologicos de bajo costo y
baja infraestructura para cubrir los espaciosaestihdsfera baja que no son cubiertos por la tegfel
actual. De hecho, algunos de estos radaresiestafados en varias localizaciones de la regiG@teode
Puerto Rico, donde se toman medidas de precipitgzada complementar las medidas tomadas por el
radar NEXRAD del Servicio Nacional de MeteorolofiWS). Estos radares tienen la opcion de operar
independientemente de la red eléctrica, por lo sgueonocen como OTG (por sus siglas en inglés) y
transmiten en banda X. Sin embargo, sélo son eapde proporcionar medidas de reflectividad de
lluvia. Por lo tanto, algunas modificacioneslsgdron a cabo para lograr obtener medidas Doppler
obtener velocidad de viento. Estas modificaciosedlevaron a cabo debido a que la data Doppler
permite el uso de algoritmos superiores para ilairdcion de reflecciones capturadas que no son
deseadas y el radar proporciona informacion aditiaserca de los vientos de velocidad baja de los

fendmenos meteoroldgicos en el oeste de Puerto Rico

Este reporte de proyecto describe el trabajo inesael desarrollo del primer radar Doppler de
banda X OTG a partir de modificaciones hechas aaglar marino comercial. Dos métodos para
desarrollar un radar coherente son discutidos, étodo esta relacionado con la inyeccion de una sefia
para amarrar la frecuencia del magnetron del radar frecuencia de la sefal inyectada (IFL por sus
siglas en inglés) y el otro método se conoce coennls coherente. De estos dos métodos, el método
seudo coherente fue seleccionado después de alpgwesms realizadas en el Laboratorio de Percepcion
Remota por Microondas (MIRSL, por sus siglas etés)gde la Universidad de Massachusetts. Como

resultado, una descripcion detallada de este m&sgoesentado en este reporte de proyecto.
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1. Introduction

1.1 Motivation

The National Weather Service (NWS) office in SaanJprovides weather information using the
NEXRAD radar technology deployed at Cayey. Thearaat Cayey presents some limitations while
detecting weather events in western Puerto Ricdes@& limitations are caused because the earth’s
curvature prevents the lower boundary layer fromdpebserved at distances far from the radar, mgssi
a significant amount of informatiorSkolnik,1980]. The Engineering Research Center (ERCYHer
Collaborative Adaptive Sensing of the Atmospherd$%8) has developed a new approach to obtain
better atmospheric data from weather eveMtsLiaughlin et al 2009]. This new paradigm consist of a
network of small radars and is used to cover thes ga the lower atmosphere not covered by the otirre
NEXRAD radars, including the one at Cayey, PuertmR The Student Test Bed (STB) implemented a
radar network in the western region using modifieBand FURUNO® marine radar®@blos,2010]
[Trabal et al., 2011]. These modified marine radars are capalblelbtaining rain reflectivity
measurements with the modifications made. Some finations include mounting a parabolic reflector
antenna instead of the fan beam antenna normadlg i marine applications, among others in the
control and data acquisition system. Other work parformed to mitigate the clutter problem usiatpd

processing algorithms#\tosta,2011].

This low-cost, low-infrastructure X-Band FURUNO®anne radar will be modified to have
Doppler capabilities which is the topic of this je report, and will continue to be used for weath
applications. It is one of a kind because theeenar OTG (Off-The-Grid) Doppler radars availablgha
market yet. This enhancement was done becau$aothy@er capabilities allow the use of superior telut
removal algorithms than those used for reflectiatyy radars, and the radar provides additional

information about weather events such as wind speed



The principal motivation of this research was tagtmethods of adding the Doppler capabilities
maintaining the radar as simple as possible whileping the manufacturing cost low. One of the
methods considered was a circuit that allows tfeciion of a signal to achieve the frequency lotkhe
magnetron resulting in a coherent radar. AccortiingeVito et al.[1967], coherent radar employing an
injection-locked magnetron could improve the ranggolution, reduce the clutter and decrease the
radar’'s vulnerability to jamming. The other methecknown as pseudo coherent radar or coherent on
receive and consist of having coherence betweerrémsmitted frequency and the receiver reference
signal Punyent,2007]. These two signals are compared and th@lBodata is obtained as the result of

the comparison.

1.2 Objectives

The goal of this research was to design the negessadifications for a FURUNO® marine
radar in order to increase its capabilities as pdbay weather radarThis radar is one of a kind because
Doppler radars are big and expensive and this @sedeveloped from a modified marine radar. In most
cases, radar engineers design and build radarsdcoaiich; but, in this case, modifications wereedtin
commercially available marine radars in order keegts low. This brought new challenges to thegiesi
because of the required compatibility of new equiptmand the circuits already installed in the radar

The space available inside the marine radar teepiaev circuits was another limitation.

As a second goal, this research solved challengesder to achieve accurate Doppler data.
Some of these challenges are due to the fact tmatnercially available marine radar was used. The
challenges included the revolution-per-minute (RP&juction in order to properly distinguish station
objects from the ones moving. Another challengenéseasing the pulse repetition frequency (PRF),
which solves ambiguity problem or aliasing in threh@es received. In addition, feedback loop circuit

was implemented to correct the frequency drifthe tmagnetron caused by the changes in temperature.



Finally, the acquisition of a different data acdpigsm card (DAQ card) required some programming to

correctly process the data obtained.

1.3 Literature Review

Since their invention, radars have been improvethdcease their sensing capabilitiézaplos,
2010]. Today, radars are used by the military emdimercial agencies to obtain information according
to human kind’s needs. Radars have been deployddnd, sea and air platforms; but for weather
applications, ground-based radars are common. r@rbased radars are mostly installed in high
mountains to obtain an obstruction-free beam awigle in tracking and targeting applicationgbal,

2003]. Examples of ground-based radar are metagitall radars.

These radars are typically deployed at high moostais well. This causes loss of important
information of the lower troposphere (1-2 Km), wéanost weather phenomena occurs, due to the
Earth’s curvature as the beam of the radar geteduaway Trabal, 2011]. The diagram in Figure 1.1

provides a better understanding of this problem.

Figure 1.1 Earth's curvature effect



Figure 1.1 represents the sensing gap problem@A&A intends to solve with short-range
weather radars. This sensing gap of the lowegbsphere becomes worst in countries with complex
topographies, like Puerto Rico. That is why loagge radars are not an optimum solution to mottiter

lower troposphere in that situatiofidosta,2011].

The NWS Weather Forecast Office at San Juan, PR thseTJUA radar (NEXRAD WSR-88D
technology) deployed at Cayey to monitor weatheznéss Meteorologists use this radar data and
products to make weather predictions and issuenangssary warning message in the island. Thig rada
is mounted at a height of 881m above sea levelnam@ than a 100 km southeast from western Puerto
Rico, where Mayagtiez is locatefirgbal et al.,2011]. Because of the distance and the beam dmck
due to the central mountains in PR, the TJUA rddds to capture accurate weather information in
western Puerto Rico. That problem is the motivabehind the CASA research group deployment of a
low-cost and low infrastructure radar network usingdified marine radars improving the spatial and
temporal resolution of weather observations, araviging gap coverage of the lower atmosphere not
covered by NEXRAD Acosta et al.2011]. The radars operate at the X-band frequeseya magnetron
power source to transmit the trend of pulses imgle polarized mode. Further specifications alibat

OTG FURUNO® marine radar is found in section 2.2.7.

Figure 1.2 shows the location of the network ofeéhradars and their coverage area. The
triangular configuration was selescted to maxintiee overlap coverage between the radars as shown in
the figure. The figure also provides an exampl¢hef data that can be collected by these radame T
data image represents the reflectivity obtainedrgstocessing and merging data from the radarse Th

equation used to obtain the reflectivity can becdbed as follows$kolnik,1980]:

2
PtGant/12 GsOcal

cal ™ 103(4m)3 Lyl 2 RE

[mW] (1.1)



whereP, is thecalibrated measured pov, P; is the transmitted powge6, is the antenna gaif, is the
wavelength of thelectromagnetiwave transmitted by the radds; is the system gairs., is the radar
cross section of the known targk, is the transmission losk,is the receiver losd, is the loss of the

path, andR is the distance or range at wh the measurement was collected.

—G00gle
L

Figure 1.2Map and sample of collected data overlaid Google rt@in maps

Some modifications carincrease these radar's capabilities to develop heremt radar
Coherence is obtained when the phase of the tréeshpulse i known andconservecto process the
received signal.The most important ability of a coherent systertsi@bility to discrn small difference
in Doppler velocity changesThese differences in velocity correspond to sdtifferences in phase. TI
coherent processing offers Doppler resolution/estion and provides less interference and signalé

benefits relative to noneherent processinWolff, 1997].

The use of the Doppler effect improves the prolitgbibf detection and the measurem
accuracy Richards,2010]. Doppler effect is the change in frequendyem a radiation source mov

radially either away or towdra target or when the target is moving and thatiat source is stationan



A good example is an ambulance when it has its1 sireand drives through a street filled with people
They can hear the change in sound frequency asréfie moves closer or away from the observerhén t
case of radars, the radar is stationary but olbsgmrioving targetsRinehart,2010]. Each target will
shift the frequency of the radar signal dependingt® speed. The phase of an electromagnetic vgave
the fraction of a full wavelengtiRjchards,2010]. A phase shift can be either positive ayatiwe with
respect of a reference point. Using a sine waanasxample, its reference point is when the srmeio.

Figure 1.3 shows two sine waves out of phase hyeffiees.

Plot of sin(©)
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Figure 1.3 Sine waves 45° out of phase

One method to achieve coherence is by using thectioh Frequency Lock method (IFL).
According toTahir [2006], this concept was introduced in early 5sl consists of creating a low power
signal with a stable oscillator and injecting tkignal, with distinctive phase characteristicspittie
interaction circuit of the magnetron. If the freqgy of the magnetron and the frequency of thdlasmi
are sufficiently close, the high power signal waiynchronize with the injected signal and a single
frequency output will be achieved¢ Vito et al.,1969]. Then, the magnetron will transmit a puista

similar phase pattern as the oscillator. Figudeshows this concept graphically.
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Figure 1.4 Injection Frequency Lock Method

Another method is by developing a pseudo coheiwedrrreceiver. This method implies major
changes to the receiver in order to record thegbéshe transmitted signal and obtain the in-please
quadrature phase (I and Q) signals from the redeeeho. It also requires a stable continuous-wave
(CW) reference oscillator signal, which is lockedphase with the transmitter during each transthitte
pulse and is mixed with the echo signal to produd#ference signal. Since the reference oscillatml
the transmitter are locked in phase, the echoesffaetively compared with the transmitter in fregay
and phase. This phase reference must be maintloradhe transmitted pulse to the return pulségc

up by the receiver.

These phase changes are calculated by monitormgetl and imaginary components of the
electromagnetic signal. These components areregffers the | and Q components of a signal. The 1/Q
data shows the changes in magnitude and phaseswfeawave National Instruments2011]. It is
difficult to manipulate the sine wave directly ugielectronic components and it could be very expens
but controlling the sine wave components is easldrere are many electronic components commercially
available to read and manipulate the sine wave ooemts known as the | and Q signals. These
components are demodulators and modulators. FigBrehows a traveling signal (green) and it'sd an
Q components (red). These components are, basiealprojection to the green signal and contain

information related to the traveling signal’'s phase



Figure 1.5 | and Q signals projection from a traveihg wave [National Instruments, 2011]

http://zone.ni.com/devzone/cda/tut/p/id/4805

1.4 Summary of chapters

The first chapter comprises the background infoimnatof this research. It presents the
motivations and the objectives of this researchkwdrhe second chapter presents the backgroundytheo
In this section a brief history of radars is dismd In addition, the Doppler radar parametersralatied
topics are discussed to have a better understamditige Doppler velocity measurements. The third
chapter is devoted to the explanation of the lijacFrequency Locked (IFL) method. This section
includes the description of the necessary mateiiiattuding cost, to lock the magnetron’s frequetay
another signal's frequency. In addition, the setiilescribes the bench tests that were conducidd an
their results. The fourth chapter describes theugs-coherent or coherent on receive methods. It
contains a description of the necessary materradstlaeir cost as in section three. Moreover, taois
the description of the tests that were performeatithair results. Chapter five presents the chgéerand
solutions for the problems mentioned in the obyesi The data collected by the modified marinerad
is presented and explained in chapter six, inclydime description of the tests conducted. The

conclusions and the future work form part of cheapeven.



2. Background Theory and Specifications

2.1 History

The history of radars is closely related to thednys of radios. In fact, the word radar is an
acronym that stands féradio detection and ranging’ Thinking in the history of radars means keeping
in mind the discoveries made in"18.9" and early 28 centuries that showed the way for the use of

radios as communication devic&&riehart,2010].

The radars function is directly related to the mmies of an electromagnetic wave as it interacts
with a physical objectHeebles1998]. Thus, the earliest roots of radar candbeted to the work done
by James Clerk Maxwell in 1865 when he predictegtebmagnetic waves propagatidtepbles1998],
and with the invention of radio (transmission) bik®a Tesla Cheney1981]. This work was verified
by Heinrich Rudolf Hertz in 1886. Hertz's experima work showed that an electromagnetic wave
could be reflected by physical objects. His wagkresents what radars do; they detect the presdrace
reflected wave to determine the existence of tarfietebles1998]. But it was Hulsmeyer in the early
1900s who developed something similar to a monicspatise radar. He got a patent from England and
other countries and tried to sell his inventionstop owners, but no one showed interest at the time

[Skolnik,1980].

In the 1920s evidence of radar method appearedyloTand Young were able to detect
disturbance in their receiver when a ship passeddsn their transmitter and receiver at PotomaeRiv
In addition, Breit and Tuve used a radar, not raceyl at the time, to measure the height of the
ionosphere. Some other reported detection weresraaithg a system similar to a bistatic radar, bat t
appearance of heavy military bomber aircraft in e 1920s and 1930s that gave rise to operational

military radars $kolnik,1980].



After World War |, the bomber was modified and theed of detecting this aircraft increased. In
many countries the development of an instrumenletect bombers was similar even though they were a
secret. Many technologies were examined: sounatdos, infrared and bistatic radars, but none were
successful. Some didn’t cover an extensive rangeothers acted as a trip wire to detect passijgctsh
The radar method did not become useful until taegmitter and receiver were collocated at a sisigge

and pulsed waveforms were us&kdlnik,1980].

Basically, radars were rediscovered and developedsa simultaneously in the United States,
United Kingdom, Germany, Soviet Union, Franceyltdapan and Netherlands. These radars operated in
frequencies significantly lower than current tedogy. Comparing with microwave radars, they had

some limitations, but they did their intended j&k$Inik,1980].

Today improvements have been made in various real@aponents like transmitters, receivers,
displays, processors, antennas and the applicatioomputers to radars. In fact, the software oddar
is as important as the hardware because it makessigb® providing automatic warnings only by
processing radar data with computers. Once ofthatest achievements in radars was the development
of Doppler techniques. Doppler radars provide mesasents of power received from a target and its

radial velocity which is useful in surveillance dipgtions.

2.2 Doppler Radar Parameters

This section presents the definition and examplesueous important parameters used during the
research. These parameters were helpful to umaershe functionality of a Doppler radar and to

identify problems in the system and their solution.
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2.2.1 Doppler

Any apparent change in frequency of an electromagiEM) wave is known as the Doppler
effect. This change in frequency is detected kseoling the phase of an EM wave which is a fractibn
the full wave. The total phase change is calcdlatih the range to targetand the wavelength with

the following equation:
41Tr
¢ =— (2.1)

By differentiating the equation above with respectime gives the rate of change of phase, whidhds

angular frequency

_ 4_112 __Amvy
Wy = T a1 27de (2.2)

wherey, is the radial velocity anfj is the Doppler frequency shift. Rearranging equme(R-2), equation

(2.3) is obtained.

20,

fa=-" (2.3)

Notice that it is linearly proportional to the veity and inversely proportional to wavelength; whis
constant for given radar. Thus, the frequencyt sf@pends only of the velocity of the target; Huhie
target is not moving directly toward or away frone tradar, equation (2.3) needs to be correcteddo a

the radial component of motion.

fd _ 2Vcc;s(oc) (2.4)

wherea is the angle formed between the velocity vectothef target and the beam. This concept is

illustrated with figure 2.1.
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Figure 2.1 Radial motion of a target

A pulse radar, depicted in figure 2.2, is commamded to obtain Doppler frequency-shifted echo
signal. This is achieved when the output of alstalscillator is amplified by a high-power amplifie
The amplifier is modulated to generate high-powdsgs. The received echo signal is mixed with the
stable oscillator output to recognize any changeshe received echo-signal frequency. Then, the

frequency shift is detected by the Doppler filted @ahe velocity of the received signal is derived.

Vree = Apsin |2mf, (1 +22) ¢ — 2R | (2.5)

c

Due to the changes in the received frequency bgceof of 2fw/c =2v/A = fy and the mixing of the

received signal with the reference signal, equat?os) becomes,

V; = Agcos [andt — 4nR°]

- (2.6)

whereAy is the amplitudef, is the Doppler frequency arfg, is the initial range of a detected moving

target.
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Figure 2.2 Block diagram of simple pulse radar deteting a moving target

2.2.2 Pulse Waveform

Pulse radars transmit EM waves during a small geoiotime. This time duration is known as
the pulse widthr and during this time the receiver is isolated fribra antenna to protect its sensitive
components from the high power pulse. No recesigdal can be detected at this time. Then, after t
pulse is transmitted the receiver connects to titenma to listen echoes from the reflected sigidlis
listening time plus the pulse width is known as fthise repetition interval (PRIWwhich is inversely
proportional to theulse repetition frequency (PRFYhe PRF is the number of transmit/receive cyrles
radar. In addition, the duration of the transnuisgberiod is called thduty cycle (g, which is given by

the following relation,

T
d; = TTinia PRF (2.7)

Most of these concepts are represented in figl@&&ow.
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Figure 2.3 Pulse waveforms concepts example

2.2.3 Unambiguous Range

When radars transmit a pulse they cannot wait tarée send the following pulses. In real
world, the next pulse goes out when the PRI is deted. This is done because radars cannot detect
targets at a very long ranges, the echo is too wedle detected. In the given case when an EM wave
does not return to the radar’s receiver beforenthe pulse is transmitted, this results in a timdguity
and associated range ambiguity. This means tkatetteived echo could be from the pulse that wsts ju
transmitted which means a close-in target or ilc&de from the pulse previously transmitted, aatist
target. This can cause a big problem while anaty#e data; but, fortunately, it can be avoided.

To avoid this issue the PRF should be low enougth shat echoes of interest reach the receiver

before the second pulse is transmitted. It is kmtvat the round-trip time for the radar wave is,

AT = % 2.8)

And from here the following condition must be siid to prevent range ambiguities:

c-PRI_ c
2 2PRF

PRI 2 ATyqx = =2 07 Rypgy < 2.9)

whereR,is the maximum target range of interest. Thusuthembiguous range is the maximum range

measured unambiguously by the radar and given by

(2.10)
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2.2.4 Unambiguous Velocity

There are limitations as well in the velocitiesttharadar can resolve unambiguously. When a
target is not moving toward or away the radar It hédve zero radial velocity; but this doesn’'t medinat
the target is stationary. This happens if thegargmains at a constant distance from the radirior
moves orthogonally to the radar’s beam.

The maximum velocity a Doppler radar can deteajiven by the velocity which produces a

phase shift of # radians. This is called Nyquist velocity andsitépresented mathematically as

+ A
Vinax = —_f";ax (2.11)
where the maximum frequency is given by
PRF
fmax = > (2.12)

and PRF is the pulse repetition frequency. Thasntaximum unambiguous velocity detectable by a

Doppler radar is

Vinax = (2.13)

2.2.5 Doppler Dilemma

Maximizing unambiguous range leads to lower PREs €g3. 2.10) and maximizing unambiguous
velocity leads to higher PRFs (see eq. 2.13). amyrsystems, no single PRF can meet both opposing
requirements. This problem is commonly known a&s“oppler dilemma”. By solving both equations

and equating them it is found that
VnaxRmax = = (2.14)

It can be seen from equation 2.14 that a tradesifivben velocity and range needs to be made.
To solve the Doppler dilemma one particular soluttan be applied, selecting longer wavelength.s Thi
means that the radar can be lower in frequencygebignd more expensive. In this project in palaicu

(CASA) this change is not applied to keep the migolution obtained with the radars and the casts |
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2.3 OTG System Specifications
The transmitted pulses from the FURUNO® radar aregated with a magnetron oscillator.
These waves fit the WR-90 waveguide used throughX{Band system. The following table shows

important specifications of the magnetron.

Table 2.1 Magnetron parameters

Frequency 9410 + 30 MHg
Heater Voltage 6.3V

Heater Current 0.55A
Cathode warm-up time90 s

Pulse Width 0.05-1.1pus
Duty 0.001

Load VSWR 15

Peak output power 4 kW

In addition, there are some system parametersecoFtHRUNO® radars. These parameters are

presented below.

Table 2.2: System Parameters

Operational Range 15.36 km
Rated Voltage 12-24V
Rated Current 56-27A
Frequency 9410 + 30 MHg
Wavelength 0.03188 m
Peak Power 4 kW
Intermediate frequency 60 MHz
Pulse length 0.8 us
PRF 600 Hz
Bandwidth 3 MHz
Minimum Detectable Signal-105 dBm
Noise figure 4.6 dB
RPM 26
Polarization Vertical

The antenna of the system is one of the previoudifioations done to this radar. The

specifications of the antenna currently used f@r sgstem are described below.
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Table 2.3: Antenna parameters

Gain 32.4dB
Beamwidth 3.8 degreegs
Side lobe level (first] 22 dB

The figures below show the actual system used bgA#é radar network installed on the west
coast of the island. Figure 2.4 shows the radderiostalled at Cornelia Hill and photos in Fig@r&

shows the system on the inside.

Figure 2.4 Cornelia Hill radar node

1. ProcessorBox 5 Magnolron
2 Signal Brand 6. Circulator
1 Transformer 7 Receiver

4. HaifWave 8 IF Board casa

Ractifier

Figure 2.5 System boards and components
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The operation of the radar is described as followse processor box communicates with the

signal board, which communicates with the powerpgupoard to transform the commands from the

processor box into a power signal. This signakpaghrough the half-wave rectifier board and resch

the magnetron. The magnetron generates the traedmiave, which then passes through the oscillator

and exits the system at the antenna. Every ed®vezl back at the antenna goes through the receive

where it is digitally down converted and procesaedhe IF board. Then, it reaches the signal board

again and goes back through the signal cable atsdt@¢he processor box. From the processor bex th

data comes out; it is processed and displayeckicdimputer. All this process is shown in figuré. 2.

1 Processor
Box

1. IF Main

2. GND
3.+9V
4.9V

5. +2-+11V
6. GND

7. MBS

8. GND

9. IF Sub

2.4 Lab Resources

Signal Cable

2 Board 3 Board(down) 4 Board
03P9249 ;’> 03P9235 :“Power> 03P9323

(transformer) (half-wave rectifier)

8 IF board
9214

7 RU-9390
(Receiver)

GRS

Figure 2.6 Connections on FURUNO® radar

The following materials were used during charaztgron of materials and the tests conducted.

1. Microwave Analog Signal Generator — Was used toattarize the components and to create the

signal needed for the injection-lock in early tesiaducted.

2. Power Meter — Was used to characterize the comp®nen

3. Spectrum Analyzer — Was used to verify frequencgklon the magnetron and for the

characterization of the components.
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10.

11.

12.

Power Supply — Was used to power the circuits ard®madded to the radar.

Oscilloscope — Was used to measure the IF signals.

Waveguide Directional Couplers — Were used to atmthe transmitted signal before reading it
with the spectrum analyzer in order to protectgbes from high power signals.

Coaxial Attenuators — Were used to attenuate tmesinitted signal before reading it with the

spectrum analyzer in order to protect the portsflagh power signals.

Attenuators — Were used to protect equipment pont high power signals.

Coaxial Cables — Were used to connect everythigether.

Waveguide to N-type connector transitions — Weredum the transitions from and to the

circulators, the magnetron, the antenna port aaddbeiver.

SMA Cables — Were used to connect various compsriegether.

Crocodile, Banana and Banana with Clamps Cables®reWsed to power the circuits added to

the radar.
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3. Injection Frequency Locked Method

3.1 Method Explained

The Injection Frequency Locked (IFL) is a methodeveha low power signal is injected to a
cavity, in this case the magnetron, to lock itshhgwer signal’s frequency to the injected sigrigigure
3.1 shows the circuit used to achieve the lock riegqdency of the magnetron. This circuit was
implemented between the magnetron and the cirguidtown in figure 2.6 of section 2.3. As shown, a
9.41 GHz signal was generated with the Voltage @tatl Oscillator (VCO) and amplified with the
HMC591LP5 X-Band High Power Amplifier. Then, thsggnal was inputted to the radar using the
circulators to achieve the frequency lock of thegmetron. A spectrum analyzer was used to obsaeve t
frequency lock and an attenuator was placed ineplagrotect the instrument. The antenna of tdarra

was removed during the tests conducted and therapeanalyzer was placed on its place.

Mafgfiim” | Raﬁan"/aJCircuEamr \i
B W
£\ I (4
Modulator f\\_{, { \} N
Hodalor 4 / 1
F, b ; e -
A : 3-Port <
l Circulators Attenualor— =
Injection Fraquency Locked Signal i s
e trizm
VO X-Band High Isolator{Probably ! Analvazer
Power Ampliier not needed) 1 Rackivar
rJr
TEI'Tﬂi-FIﬁ'Iin'I
Load
Figure 3.1 IFL Circuit Schematic
3.2 Materials

The following devices were used to achieve thedFthe radar.
1. FURUNO® radar — Marine radar used by CASA in thed8nt Led Test Bed to monitor weather

events.
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2. X-Band Circulators — These circulators were insthih conjunction with the radar stock X-band
circulator to inject the locking signal to the magwon.

3. Signal Generator or VCO — Was used to create theplmwver signal injected in the magnetron to
achieve the frequency lock.

4. X-Band Hi-Power Amplifier —Was used to amplify tkgnal generated with the VCO. This
power amplifier is important in this design becatise power of the signal injected from the
VCO is too low and, even though, a low power sigeaheeded in the IFL method this signal

needed to be amplified to serve its purpose.

3.3 Cost

Is part of CASA’s mission to keep the cost of thejgct to a minimum, which makes looking at
the prices of components a requirement in the desithe following table shows the preliminary cost
the radar unit with the implemented IFL modificaso Additionally, the table includes the solar pow
system costs and the wireless connection equipowEtt This represents the total cost of the parts

completed OTG node of the radar network establighéae island.

Table 3.1: IFL Radar Node Cost

Radar Subsystem Parts Price Radar Parts for Doppler capabilities Price
AkW FURUNO Radar 5 7,495.00 X-band Circulators (2) S 270.00
Parabolic Antenna w/Manual adjust | § 4,495.00 VCO Evaluation Board S 397.00
Rutter Sigma $6 Radar Processor $ 8,300.00 Amplifier Evaluation Board $  518.00
Computer Hardware and Software 3 500.00 Sub total 3| § 1,185.00

Sub total 1| $20,790.00

Solar Power Sub-System Price
Wireless Connection Price Solar Panels (2} S 800.00
ODU External (RDW-WL 1000) (2) § 1,153.40 Batteries (2) §  450.00

624.10 solar Charger S 200.00
108.76 Power Inverter $  200.00
LMR-400 (cables) (2) 33.38 Subtotal 2| § 1,650.00
Data/Signal Surge Protector (2) 154.98

IDU-E {radio/module) (2) S
$
]
s
Lightning Arrestor (2) S 79.06 Miscellaneous % 500,00
s
s
$
5

Antennas (24dBi, parabolic grid) (2)

CATS, 50M, RJ45 conn. [LAN cable) 183.02
D-Link Switch {4 ports) 40.82
Web Power Switch 113.55
2,496.47 | grand total| §26,621.47

Sub total 4
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3.4 Process

Once the devices and materials were received,weeg individually characterized to know their
behavior and performance. The circuits used depérah input voltage to control their performance
(VCO, amplifier). The characterization showed tlwerect tune-voltage in order to get the optimum
performance of the circuits. After that, tests eveonducted using the FURUNO® marine radar unit.
These tests were conducted using the resourcekaldeaat the lab and the frequency lock of the
magnetron was achieved. All the characterizatiomcgss and tests performed are described in the

following sections of chapter 3.

3.4.1 VCO Characterization
The VCO was acquired as a sample from Hittite {gpge 3.2) and after powering it on, several
voltages were applied at the tune-voltage pin &al the output frequency. Table 3.2 shows the ngadi

obtained from this test.

Figure 3.2 VCO obtained

Table 3.2 VCO characterization table

Tune Voltage (V) | Frequency (GHz)
4.9 9.342
5 9.3585
5.1 9.3625
5.2 9.38
5.3 9.4087
5.4 9.425
5.5 9.44
5.6 9.4530
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5.7 9.4611
5.8 9.4809
5.9 9.5017

Using 5.3V as the tune voltage gives a signal.6fdBm at a frequency of 9.4087 GHz. This
signal seemed adequate for the IFL; but a drithin VCO'’s frequency was noted as it heated up. The
need for a heat sink was shown during the chaiaatem for one of the circuits, namely Hittite P,

the VCO. One heat sink was put in placed in otdenaintain the VCO as steady as possible.

3.4.2 2W Amplifier
The 2W power amplifier was acquired from Hittite vasll as a sample. To test it, the output

signal from the VCO was inputted to the circuitwhan figure 3.3.

ALtARe
[ L]

i sd
-

. ‘ -i L
»

: ASPARD

Figure 3.3 2W power amplifier

A supply voltage of 7V was applied to turn on tieuit and a reading was obtained from the
output port with 18dB of gain as the datasheeedtaflhe signal from the VCO had a power of 9.5 dBm
plus the 18 dB of gain from the amplifier meanihgttthe signal should have a power of 27.5 dBm.
Figure 3.4 shows the reading obtained from the diep$ output. The figure shows a signal of 22.43
dB; but it is important to mention that a 5dB attator was used to protect the spectrum analyzerts p

Thus, the real reading is 27.43 dBm which is ireagrent to the calculations.
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Figure 3.4 Two watts (2W) Amplifier Output Reading

3.4.3 Tests and Results

In addition to the characterization of the circuit®d, the cables, directional couplers, connectors
and transitions were characterized to take theetosgo account in the measurements. All the calindel
a combined loss of 0.7 dB and the connectors, egsipind transitions had a loss of 1.5 dB. Addiege

losses together yields 2.2 dB in losses for thesemals.

Most of the following tests were conducted at tHdASS MIRSL. The radar was set up as
depicted in figure 3.5 below. Two directional ctarp, one of 40 dB and the other of 20 dB, wereluse
protect the lab equipment from any high power digmaning from the radar. An initial measurement
was made to have a reading of the transmitted pofiye radar. Figure 3.6 shows that the readiag w
4.6 dBm but keeping in mind that 60 dB in attermrativas introduced with the directional couplers and
the cables and connectors had an additional 2ia &i5s the actual transmitted power of the rag&7i.6

dBm.
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Figure 3.6 Power transmitted from the radar

Afterwards, the injection frequency lock was daseng the 2W amplifier and the VCO with the
specifications mentioned in previous sections. nEw®mponent was mounted in the radar as figure 3.1

shows in the first section of this chapter.
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Figure 3.7 IFL reading with the 2W amplifier

Figure 3.7 shows the result obtained with the 2Wldiar used for the IFL method. The signal
on the left is the injected signal and the signaltlee right is the magnetron’s signal. As it seie,
signals are not locked in frequency. The magn&rsignal was moving in the vicinity of the injedte
signal without any success in this test. LateraodOW amplifier was used to see if the IFL coudd b
achieved with a high-power signal injected insteddhe low-power signal previously used. Also, by
controlling the magnetron’s current, the output powas lowered to 660W. The result was impressive,
interaction was observed between the signal injeated the magnetron’s signal. Figure 3.8 shows thi

interaction.
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Figure 3.8 Interaction between injected signal andnagnetron's signal

Even though the magnetron’s power was lowered denably, the previous picture shows that
the method works. Another test was conducted &mixxe whether the magnetron could be frequency-
unlocked with temperature once it was locked bgating the signal. It is of common knowledge that
circuit or a component within a circuit experiert@nges in its properties depending on the temyrerat
The magnetron is not the exception. Table 3.3 shleow the magnetron’s temperature changes as it

heats up over time.

Table 3.3 Magnetron's temperature change over time

Time (minutes) | Temperature °C
0 26.5
5 31
10 32
15 325
20 32.8
25 33.1
30 33

Likewise, figure 3.9 graphically represents theadan table 3.3. It was observed that the magnetron
reached a steady temperature of 33°C after 30 psmassed.
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Figure 3.9 Magnetron's Temperature vs. Time

A piezo-electric was used to cool down the magmebrelow its natural temperature and a heat

gun was used to heat it up above its natural teatper. The frequency and the temperature were

observed during this test and the data collecteslosganized in table 3.4.

Table 3.4 Observed Magnetron’s Frequency Dependenoa& Temperature

Temperature °C | frequency (GHz)
23 9.406
24 9.40575
25 9.4055
26 9.40525
27 9.40525
28 9.405
29 9.40475
30 9.4045
31 9.404
32 9.403857
33 9.40375
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34 9.4035
35 9.40325
36 9.403
37 9.40275
38 9.4025

The plotted data from Table 3.4 is presented inf€¢g.10.

Frequency vs. Temperature
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Figure 3.10 Magnetron's frequency changes due tor®erature

The error in velocity of a Doppler radar takingaraccount this frequency drift was calculated
using equation 2.13. From the graph in figure 3t1i® known that the frequency drifts 3.5 MHz in a

15°C interval which results in 0.037% of error iacity calculations.

Knowing this temperature dependency of circuits lemalving that the IFL was achieved with the
magnetron transmitting at 660W the temperature west performed again while the magnetron was
locked in frequency with the injected signal. Tieat gun was used and Figure 3.9 shows the effect o

heating the magnetron with a heat gun.
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Figure 3.11 Frequency drift when heating the magnebn

The frequency of the magnetron drifted as the teaipee was changed meaning that the
frequency was unlocked. Revising literature agdimas found that to achieve a successful frequenc
lock the power of the signal injected should be @he transmitted signal’s powerdhir, 200§. For
660 W, 2% is 13.2 W and a 10 W amplifier was usddhe interaction was seen because the injected
signal was close to the 2% of the transmitted $jgna 10 W weren’t enough to keep the magnetron’s
frequency locked.

To lock a 4kW magnetron, 80 W are needed (2% diGt\W). The only 80 W amplifier found, a
LM12CL from National Semiconductors, is obsoletel aimce the price of the 10 W amplifier is around
$10,000, an 80 W amplifier will raised the projsctost dramatically. This approach, even though it

possible, it is not recommendable if the cost need® low.
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4. Pseudo Coherent Method

4.1 Method Explained

The pseudo-coherent method consists of having rthesmitted signal as a reference and
compared it with the received signal from weattadtoes. This signal comparison is further processed
retrieve Doppler measurements. Figure 4.1 pregbetircuit implemented for the pseudo coherent
method. This circuit was integrated in the radaseparate components; but a single board schecaatic
be done to have all the components integrated.th&licomponents are placed in the receiver patidy; af
the front end receiver as shown in figure 4.1. &tleo is received at 9.41 GHz and the front eneivec
down converts this signal to the IF frequency of MBiz. Then, this signal passes through the
logarithmic amplifier detector which generates ¢hoaitputs. One output is used to get the refliggtiv
measurement and the other two were sent to thddf@dulator. Once the signal is in the demodulator
it gets divided in the | and Q components of theeineed echo wave and sent into the DAQ card for
processing. A 10 MHz signal crystal oscillator wesed as the clock for the DAQ card and as the LO
input to the I/Q demodulator, a 120 MHz signal. abidition, the multiplier's output signal of 120 MH

was used as the reference signal in the phasddopk(PLL) and the PLL is used to stabilize the VEO

Madlatar — Al .End s RFout Viune— PLL o
Receiver
Magrietron s:r.:g\e vEo mmy?.J

Fref
A Log. Amp. o
Detector

1
Differantial

frequency drift.

Radar's G

irculator

11

Demodulator HoscHn 2AQ

¥ i
2XFLO Clack
1

Multiplier w— Quadruple w0

Oscillater

l 10MHz Crystal

Figure 4.1 Pseudo Coherent Schematic
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4.2 Materials

The following devices were used to complete thesatic mentioned in the previous section.

1. FURUNO® radar — Marine radar used by CASA to maniteather events.

2. Front-End Receiver — The receiver converts theivecgignal to an IF signal. The receiver used
needs an external LO input to down convert the iBRas to IF signal.

3. Signal Generator or VCO —The VCO is used as thenp0t for front end receiver.

4. Phase Lock Loop (PLL) — It is used to stabilize ¥&O. It sends a voltage to the,¥ pin for
the VCO to adjust the RF output signal.

5. Logarithmic Amplifier Detector — It receives the #Hignal and provide three outputs, a single
voltage output and two differential outputs. Thagke output goes to the DAQ card for
processing to obtain rain reflectivity measurements

6. 1/Q Demodulator — It receives the differential auttrom the detector and obtains the | and Q
signals of the signal received. These signalssarg to the DAQ card for processing to obtain
velocity measurements.

7. DAQ card — A four-channel data acquisition cartis Used to process the data obtained.

8. 10 MHz Crystal Oscillator — Works as the clock ftbhe DAQ card and as the LO for the I/Q
demodulator.

9. Multipliers — Multiplies the 10 MHz signal from therystal oscillator to reach the frequency

needed as the LO for the 1/Q demodulator and tHerBterence signal.

4.3 Cost

The following table shows the preliminary cost bktparts for the radar unit with these
modifications. Also, the table includes the sglamwer system and the wireless connection equipment
cost. This represents the total cost of a compl¥l& node in development for the radar network

established in the island.
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Table 4.1: Pseudo Coherent Radar node Cost as ofI[F2011

Radar Subsystem Parts Price Radar Parts for Doppler capabilities Price
4kW FURUNO Radar 5 7,495.00 Demodulating Log. Amp Detector 5 100.19
Parabolic Antenna w/Manual adjust | 5 4,495,00 1/Q Demodulatar 5 125.00
PCI9816H,/512 DAQ card 5 1,910.00 30 dB Attenuator (2) 5 23.90
Computer Hardware and Software 5 300.50 20 dB Attenuator 5 11.95
Sub total 1| § 14,200.90 MJT19464 Front End Receiver S 365.00
Crystal Oscillator 5 260.00
Wireless Connection Price Low Moise HF Quadrupler S 312.00
ODU External (RDW-WL 1000) (2) 5 1,153.40 Low MNoise Odd Order Multiplier ) 591.00
IDU-E {radio/module) {2) 5 624.10 WCO Evaluation Board 5 397.00
Antennas (24dBi, parabolic grid) (2) | § 108.76 Phase Lock Loop Evaluation Board ) 551.00
LMR-400 (cables) (2) 5 33.38 Sub total 3| 2,737.04

Data/Signal Surge Protector (2) 5 154.98

Lightning Arrestor (2} 5 79.08 Solar Power Sub-System Price
CATS, 50M, RJ45 conn. (LAN cable) 5 188.02 Solar Panels (2) 5 800.00
D-Link Switch (4 ports) 5 40.32 Batteries (2) 5 450.00
Web Power Switch S 113.95 Solar Charger S 200.00
Sub total 2| § 2,496.47 Power Inverter 5 200.00
Sub total 4| $ 1,650.00
Miscellaneous ] S00.00 grand total| 21,584.41

4.4 Process

Once the devices and materials were received,weeg individually characterized to know their
behavior and performance. Some of the componeats mot received on time and all of them depend of
an input voltage to control their performance. Tharacterization of the components received showed
the correct tune-voltage in order to obtain the pesformance of the circuits. After the charaetgion,
the components received were connected togethireiFURUNO® marine radar unit and a test was
conducted. This test showed how the componen&vext work with the radar unit and the results will

be shown in this section.

4.4.1 Front-end receiver characterization
The front end receiver of the radar was replaceith wie NJT1033 front end receiver. The

NJT1033 was borrowed from the Microwave Remote Bgnisaboratory (MIRSL) at the University of
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Massachusetts and provided by New JRC a compamytbduces various RF components. This front
end receiver was used because it was custom maaeutoan external LO signal. Figure 4.2 depibts t

low noise front end receiver (LNFE).

Figure 4.2 Front end receiver

The external LO signal can be controlled and theas a more stable receive signal. The LNFE
receiver was powered with a 5V voltage. A sigra®.842 GHz was produces using the VCO powered
with 5V and using a tuning voltage () of 4.9V. Another signal was created with a sigyenerator
and inputted in the LNFE to simulate a receiveaaig This signal was at 9.402 GHz with a power of
30 dBm. Figure 4.3 shows the signal observed thithtest. The output of the LNFE receiver wasisee

at 60 MHz with a power of -33 dBm.

Figure 4.3 LFFE receiver output
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4.4.2 Logarithmic amplifier detector characterization
The logarithmic amplifier detector was charactetizs well. A supply voltage of 7V was used
to power the circuit on and a 60 MHz signal wasegated with a signal generator and inputted to the

detector. Figure 4.4 shows the board of the Itigaic amplifier used to achieve the objectives.

Figure 4.4 Logarithmic amplifier detector

A power sweep was done in the inputted signal fra© to 20 dBm. This sweep allowed to
obtain voltage readings in thg.,y/output of the detector that showed the behavidhefdetector as the

power of the inputted signal increased. The dhtained is shown in table 4.2.

Table 4.2 Logarithmic amplifier characterization data

Input Power (dBm) | Output Voltage (V)
-110 0.344
-105 0.344
-100 0.346

-95 0.354
-90 0.35
-85 0.352
-80 0.499
-75 0.6
-70 0.501
-65 0.601
-60 0.698
-55 0.801
-50 1.102
-45 1.201
-40 1.102
-35 1.201
-30 1.299
-25 1.399
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-20 1.697
-15 1.801
-10 1.699
-5 1.803
0 1.902
5 2.002
10 2.106
15 2.222
20 2.252

Figure 4.5 shows the data obtained plotted. Ageteul, the output voltage increased as the input

power increase; but there were some data pointgpented were the voltage decreased.

Voltage vs. Power

o
a1

N

'-A
4

[REY

Output Voltage (V)
o

(o)

-120 -100 -80 -60 -40 -20 0 20
Input Power (dBm)

Figure 4.5 Logarithmic amplifier output voltage

The other two outputs of the detector were obsewididan oscilloscope and a sine wave signals
was always observed. Figure 4.6 shows these savesvobserved with the oscilloscope. These sine

waves were 180 degrees apart from one another.

36



WCHI #

CHis 100mU/ CH2Ze S@0mU/ 10.00ns/ 500M5a /s

Figure 4.6 Logarithmic amplifier differential outpu t

4.4.3 Demodulator characterization
The demodulator shown in figure 4.7 was used téeaehour objectives. It was characterized as
well. This evaluation board has various pins thedd a voltage for the circuit to operate,.;\and Ve,

pins need 3V, V.3 needs 5V and ¥, needs 0.6V.

Figure 4.7 Demodulator evaluation board
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In addition, a 60 MHz signal with a power -40dBm was created with a signal generator
FM modulated at 1KHz. This signal simulated theedr’'s output and was used as the inputted s
to the demodulator. Another signal was createdvely but this signal was used as the LO for
demodulator. This signal, according to the dateshs twice the LO signaln order to characterize tl
circuit, a signal of 3dBm at 130 MHz was used. The reed | and Q signals outputs shown in
Figure 4.8. It can be se&om the figur« that these signalge90 degrees apart with a frequency o

MHz as expected.

Figure 4.8 Demodulator's output

To implement the psela-coherent method the demodwgs output signals are needed
baseband before going into the DAQ card. 7is to set up the DAQ card at 1o0f 5V according to oL
needs. Changing the LO signal to 120 MHz allowed to haliese baseband signals. During
characterization, it wasoted that these signals were led by 2V. In order to maximiz the number of

bits used by the DAQ card a differential amplifiegoing to be usec
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Figure 4.9 Differential amplifier used to eliminatebias

Figure 4.9 shows the circuit that needs to be implged in the | and Q outputs of the
demodulator to eliminate the 2V bias. The volteggding obtained from the demodulator drift 400mV.
The amplifier that will be used has a gain to deubis amount®=2) in order to maximize the use of the

DAQ card. The DAQ card will observed signals freBA0mV to 800mV.

4.4.4 Phase lock loop characterization

The phase lock loop (PLL) was used to stabilize\Mi@. This synthesizer has an integrated
feedback loop that compares the output signal avitbference signal and adjusts this signal by sgnali
different tune voltage to the VCO. To charactetzs board 5V were used as supply voltage. In

addition, the PLL needs basic configuration setuprder to work properly.

The decimal values of counteksandSin the PLL needed to be found. From the datashieete

values are defined as:
, N
A =int (E) -1 (4.1)

and
S=N-8(A+1) (4.2)

whereN= 16 to 519. For a valid division ratid) theA andS counters must satisfied the condition:

39



A+1> S To calculateN, we look at two different frequenci€s vco andF. These frequency values in
our design are 9360 MHz and 120 MHz, respectivdlfe ratio among these quantities is taken as our

division ratioN.

F
N = —g-";o (4.3)
re

This yieldN = 78. With this value oN we calculated thé counter and th& counter. These
values are 8 and 6, respectively; values thatfeatithe condition mentioned above. Then thesaesl

were changed to binary numbers as illustratediletd. 3.

Table 4.3 Counters values changed into binary numbg

Decimal number As | A4 Ag Ao | AL | A (LSD)

A=8 0|0 1 0| 0 0
S| S | S(LSD)
S=6 1] 1 0

The binary values in the table were generated loygus short circuit to ground for every 0 digit and
applying a voltage of 5V to every 1 digit, respeely. The reference signal of 0 dBm and 120 MHz wa
applied, and the output voltage observed was 4,943ulting in sufficient voltage to be used as\thg

in the VCO.

445 Tests and Results

A test was conducted to observe the leakage ofmdmgnetron that reached the receiver. To do
this, the LNFE receiver was disconnected from iitgopr place in the radar unit and aXldad was used
in place of the antenna. The spectrum analyzercgasected where the receiver goes and the power
leakage from the magnetron was measured at thig. géigure 4.10 shows the measurement obtained

from the magnetron’s leakage signal.
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Figure 4.10 Leakage going into the receiver

It can be observed from the previous picture thatgower going into the receiver is -0.24 dBm
at a frequency of 9.3995 GHz. This amount of poigeequal to 0.95 mW and corresponds to the
computed leakage power. According to the datasbfettie LNFE receiver this amount of power can be
detected by the receiver, as required to achieveobjectives. Thus, a second test was performed to
observe the output of the LNFE receiver once #akdge signal is received. Figures 4.11 and ©a®& s
the signals obtained with the oscilloscope. That figure shows a train of pulses, which is chemastic
of the magnetron’s behavior. The second figurensh@ zoom to one of these pulses, a rectangular-lik
shape can be depicted in the figure. Accordintpéareading in the oscilloscope, the signal hasd#wof
940 ns even though the square pulse the magnetrads §s suppose to have a width of 800 ns. This
difference was caused by the initial peak seenhe figure that is related to the excitation of the

magnetron and by the oscilloscope itself that mtedithe measurement until the pulse’s fall-timeeend

41



Figure 4.12 Zoom view to one of the pulses observed

In addition, a third test was conducted to obséineecircuit response when a signal was injected
in the circulator simulating a received echo frdme atmosphere. The RF echo simulated signal had a
power of -30 dBm at a frequency of 9.402 GHz. Tsignal was created with a microwave signal

generator and pulse modulated with a period of dnasa width of 800 ns.
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When the pulsed echo was inputted, thg Wutput at the logarithmic amplifier board ranged
from 0.696 V to 0.802 V. In addition, the | andsi@gnals obtained at the demodulator’s output were
92.6° apart and had a voltage of 2.53 V and 2.54e¥pectively. These voltages are biased by 2V
because the differential amplifier to eliminate thas was not implemented this time. Figure 4H@\s
the signals obtained. The yellow signal is thease signal (1) and the blue one is the quadrgtuase

signal (Q). It can be observed that some noise gemerated due to the path that the received echo

traveled in the circuits.
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Figure 4.13 | and Q signals obtained simulating aeceived echo
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5. Challenges Solution

5.1 RPM

To acquire accurate Doppler data the antenna ofatha unit should revolve slowly to prevent
errors because of the vibration of the radar arutegent the loss of data for spinning to faste TASA
OTG radar normally gives 26 revolutions per minlR€M). To achieve the objectives of this projdwet t
antenna should rotate with a speed of 4 to 5 RFMo approaches were considered for the design. The
first method tries to reduce the revolutions penuté by changing the amount of gears used. Adding
more gears can reduce the RPM significantly; bet#eth ratio and the radius of the added geaxdedee
to be computed. Using equations 5.1 and 5.2 lebtein the relation of transmission which leadfirtd

the velocity of rotation of the motor.

M
i = N, (5.1)

In these equationd; andN, are the number of teeth of each geéas, the transmission relation
andV; andV, are the velocity of rotation of the gears. Fighireé shows the motor and teeth ratio of the

radar unit.

Nj=18

| N
gt

Motor

Figure 5.1 Relation among the gears in the radar

Knowing these values the velocity was computed and resulted in a value of 130 RRM.
addition, assuming a desired rotation speed equaRPM, the relation of teeth in a multiple gegtem

was found. Figures 5.2 and 5.3 show how the systeks like changing the gears in the radar and
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adding two more gears. For this approach to béeimgnted another housing for the radar unit is eged
because the space available in the radar is vemiyetl. In both figures the speed of rotation ieveh

resulting inV, equal toVs because both gears are installed in the same axis.

Figure 5.2 System with gears added

Motor

Vi= 130RPM Va=Vy=24RPM  Vy=4RPM

Figure 5.3 Top view of gears (not scaled)

The second approach taken was to contact Electmin®a marine radar reseller company in
Canada. This company is UPRM'’'s marine radar pmviathd there is a good relationship with them.
They have considered a stepper motor system taatafie speed of rotation of the antenna. The
advantage of using a stepper motor is that theesltivey run, the higher the torque. They will htéwese
modifications implemented in the next couple of mhento make the system capable of pointing and

tracking targets as opposed to historical oncespantracking system.
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5.2 Frequency Tuning

Tuning the frequency of the LNFE receiver of thdaraunit was an obstacle. The front end
receiver of the radar unit did not have any exteimauts to control the LO frequency of the receive
This was very important to have accurate Doppléa @stimation. If the frequency drift in the remi
was not stabilized the data obtained would resudtriors due to frequency drifts. To solve thiesthe
LNFE receiver was changed for one provided by NB&.J This new receiver allows the user to input a
signal to be used as the LO for the receiver. digeal used in this case came from the VCO, bwai
found that it took 30 minutes for the VCO to staalin frequency due to the heat produced by the
circuit. The heat affected the performance of Wi@O resulting in an incorrect IF signal obtainednfr
the LNFE receiver. Figure 5.4 shows how the outipetjuency of the front end receiver changed
depending on the temperature of the VCO. It todknutes for the VCO to stabilize and for the LNFE

to have an output frequency of 60 MHz.

Rﬂf @ dBm

3 MH
Poak Atten 10 dB ~34.04 dBm
Log

1189

I dB/
H

] Marker '
55.9909000 MH= f

-34.84 dBm

Figure 5.4 Rx frequency drift due to heat in the VO

To solve this new problem a phase lock loop (PLBsWSed. According to the characterization

of the PLL, an output voltage of 4.94V was observddis voltage was applied to tMg, pin on the

46



VCO and a feedback signal from the VCO's output imgected back to the PLL. The connections made

between the PLL and the VCO are shown in Figure 5.5

()svoc
PLL .24 F freq = 9.342 GHz—»
To LNFE LO pin
Signal Generator T
F= 120MHz F freq/2 = 4671 GHz

P=-3dBm

Figure 5.5 Frequency tuning schematic

With this feedback loop implemented the VCO toassi¢han a second to stabilize and the LO
frequency used in the LNFE was the output of th&©vThe VCO'’s output is depicted in figure 5.6islt
shown that the VCO signal is stable at 9.341 GHh w&ipower of -10.01 dBm. With this stable VCO

output the LNFE receiver’s output was 60 MHz asmghn figure 5.7 below.
MM e
| naRxER

| 9.9420 onz
| ~20.81 ¢be

STOP 5.4000 68z
SHP 20.8 meee

Figure 5.6 VCO's stable output
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Figure 5.7 LNFE receiver stable output

5.3 Transmitter Pulse Repetition Frequency (PRF)

The PRF of the FURUNO® marine radar is fixed acowydo the range settings in the processor
box. Currently, the PRF is set to 600 Hz for ageanf 15.36km. The maximum PRF is 2100 Hz; b thi
allows visibility up to 2.778km. To solve this jmem dual PRF techniques and staggered PRF
techniques were considered. Staggered PRF isiantission process were the listening time from the
radar changes slightly. The change of repetitimyuency allows the radar to differentiate between
returns from its own transmissions and returns flamother nearby system with the same PRF and
similar radio frequency. With staggered PRF thdara own targets appear stable in range in reldto
the transmitted pulse while echoes from other systmay be uncorrelated, causing them to be rejected
by the receiver. The dual PRF technique was intred in 1976 and consists in having two alternating

pulse repetition frequenciedglleman et al.2003].

From Equation 2.13 it is clear that the use ofadéht PRF results in different unambiguous

velocities. The folding of a measured velocitylwiherefore, be different for the two pulse refieti
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frequencies. By combining the velocity measuremeaniitained of the two PRF’s, the unambiguous
velocity interval can be extended. This is donegis high and low PRF combination such that the tw

unambiguous velocities are related in the followivay:

Va PRFp, N+1
Zh— =2 (5.3)
Vi PRF; N

where the integeX is the dual PRF unfolding factor. The extendedmbiguous velocity is given by:

ViV

Vlh = Vv, (5.4)

With typical applications of dual PRF techniques,umfolding factomN of 2, 3 or 4 is used; using
higher unfolding factors will result in poor velbcimeasurementsHplleman et al.,2003]. This
technique of dual PRF is going to be implementeth wlhie OTG radar to extend the unambiguous
velocity beyond 4.78 m/s. Using a ratio of 3:2H8Rf 2100 Hz and 1200 Hz, the unambiguous velocity
is extended to 22.31 m/s according to equation $His represents measurements of a 9 in the Beaufo
scale that goes up to 12. The Beaufort scale fiseasure that relates wind speed to the observed

conditions at sea and land; it is normally used@ather forecasts.

5.4 DAQ Programming

To achieve the objectives a program should beewito manage the data received by the DAQ
card. Figure 5.8 shows the flow chart of the paogthat is necessary for the radar to obtain Dopple

measurements.

49



Start

N=0

Data input
froim
channel M

Mo

PRF 1=1200 Hz PRF 2= 2100 Hz
Yes | —l |
I the data from | _l_
comect channe/? I - |_ - - T T T
l | l Measure data | | T hgeqsurggla:tta
j uri s
‘ Channel 0 | |Channell I—b ?;;nngn:lsl:; Channel 2 | Channel 1 R [trazgmlttad - Channel 2
| ¢ pulse) | pulse}
Sa\:a; o g | Measure Measure | | :";:;9““;: Mmgﬂe?ﬁ
calculate | r;‘wvac: Temporarily 'Bhfwag | | achoes (1) Temporarily achoes(C)
reflectivity in echoes (1) save echoes(Q) projection Save projeciion
“hin format | L_proiestion transmitted projection | | | wansmitied
pulse info | l pulsa info
A - | | Save
pply radar Save Save | Save data
equation for | data reference data | data |
distributed |
targets | p | Pulse pair
| | | processing
Pulse pair
Calculate . |
radar | processing |
reflectivity I ______||_______________
factor (2) T "
Assume a drop Calculate
size distribution radial velocity
{Marshall
Palmer) ¢
¢ Generate
valocity
Geat tha Z-R plat
relationship

End Program

Figure 8 Flow Chart
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6. Conclusion and Future Work

6.1 Summary

The first chapter of this project report provided iasight into the motivation to pursue this
research. In addition, two main objectives wespnted. This chapter also contained a literatview
on the ongoing work on weather radars. The sechagter presented in some detail the theory neteded
understand this project. Important equations whathg the project were described in this chapger a
well. In addition, system specifications were nemg¢d because they were used as reference dueng th

project.

The third chapter presented the proposed IFL metitigdnpted as part of the work in this project
report; but not applied due to the increase inpitagect’s cost. Even though this method was notieg
the experiments were described and observations arealyzed and discussed. In the fourth chagter, t
pseudo coherent method was explained. The expersngrocedures were carefully described and the
results were analyzed and presented. It was shwoowm this method works and how should be

implemented.

Chapter five presented the challenges encounteughrthe project. Most of these challenges
were solved and the solutions are presented ichibpter. Finally in chapter six, the research gea

reviewed and the future work is described for thecessful implementation of this research.

6.2 Conclusions

This project report has described the developména dow-cost, low-infrastructure marine
Doppler radar that will be used for weather appioces in the CASA OTG X-Band radar network test

bed in Puerto Rico. The results shown in previal@apters demonstrate the successes and
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accomplishments of this project. All the goalsdieg to the development of the Doppler weather rada

concept were achieved. The major contributionthigfresearch are:

The injection frequency lock (IFL) study was susfey completed and demonstrated;

but not implemented due to the increase of theeptiy cost.

The pseudo coherent method was validated and ingpiesd for the most part in the
radar unit. The components needed to achievedhbieed behavior of the system were
found and characterized. Tests were conducted) uki@ circuitry obtained for the
method and its functionality was demonstratedaddition, a simulated RF echo passed

through each component and the outputs turnecbdd Bis expected.

The new gear assembly needed to decrease the RPNk daintenna was designed
according to the diameter requirements for thespahteady in possession of CASA
research group. In addition, communication waaldish with Electro Marine, CASA-

UPRM'’s marine radars supplier, for the possibilifiy having a radar with a stepper
motor capable of pointing and tracking targets pgosed to historical once-per-scan

tracking system.

The frequency tuning feedback loop control systeas wtudied and implemented
successfully in the radar. This feedback loop betwthe phase locked loop (PLL) and
the voltage controlled oscillator (VCO) helped dtaimg the VCO’s output in order to

have a stable 60 MHz output in the low noise fiemd receiver.

The use of dual PRF transmission to extend the bitarous Doppler velocity interval

was proposed. This is done by alternating theeprdpetition frequencies. A possible
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combination of the pulse repetition frequencies lbarl200 Hz and 2100 Hz resulting

in an extended unambiguous velocity of 22.31 m/s.

* A flow chart was designed to indicate the post pssing of the data. This part have

not been implemented in the system yet.

* The system was kept low cost with all the modifimas. See table 6.1.

Table 6.1 Pseudo Coherent method total cost

Radar Subsystem Parts Price Radar Parts for Doppler capabilities Price
4kW FURUNO Radar 5 7,495.00 Demodulating Log. Amp Detector 5 100.19
Parabolic Antenna w/Manual adjust | 5 4,495,00 1/Q Demodulatar 5 125.00
PCI9816H,/512 DAQ card 5 1,910.00 30 dB Attenuator (2) 5 23.90
Computer Hardware and Software 5 300.50 20 dB Attenuator 5 11.95
Sub total 1| § 14,200.90 MJT19464 Front End Receiver S 365.00
Crystal Oscillator 5 260.00
Wireless Connection Price Low Moise HF Quadrupler S 312.00
ODU External (RDW-WL 1000) (2) 5 1,153.40 Low MNoise Odd Order Multiplier ) 591.00
IDU-E {radio/module) {2) 5 624.10 WCO Evaluation Board 5 397.00
Antennas (24dBi, parabolic grid) (2) | § 108.76 Phase Lock Loop Evaluation Board ) 551.00
LMR-400 (cables) (2) 5 33.38 Sub total 3| 2,737.04

Data/Signal Surge Protector (2) 5 154.98

Lightning Arrestor (2} 5 79.08 Solar Power Sub-System Price
CATS, 50M, RJ45 conn. (LAN cable) 5 188.02 Solar Panels (2) 5 800.00
D-Link Switch (4 ports) 5 40.32 Batteries (2) 5 450.00
Web Power Switch S 113.95 Solar Charger S 200.00
Sub total 2| § 2,496.47 Power Inverter 5 200.00
Sub total 4| $ 1,650.00
Miscellaneous ] S00.00 grand total| 21,584.41

6.3 Future Work

Once all the parts arrive, they need to be chaiaeteto know their behavior and control their
performance. The parts need to be implementedhénsystem with the rest of the circuits. A post
processing program needs to be developed follotiadlow chart presented in chapter 5. This progra
should be able to help the user understand andhesdata captured. An FPGA (Field-Programmable
Gate Array) Card can be used to generate the drvigld®gnals with the desire pulse length and timing
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control. Calibration and verification of the pseutbherent method implementation and Doppler vBiloci
estimates can be achieved from data comparisonotligr Doppler radars in Puerto Rico, the TropiNet
X-band radar network. This can be performed oheetrts needed are received and implemented on the
system. In addition, a voltage regulator could beduto power the circuits added in the system. ixdba
frequency provides higher resolution, but attermmalimits the precision of rainfall estimates. @&as on
attenuation in tropical areas could improve estimaat long range. Finally, and more important,
integrating the OTG X-band Doppler radar to thearagetwork already established by CASA research
group in Puerto Rico will help in providing coveeagaps in the lower atmosphere were most weather

phenomena that affects citizens live occurs.
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APPENDIX

APPENDIX A: Components Datasheet List

(1

(2]

(3]

(4]

(5]

(6]

(7]

(8]

19

http://cds.linear.com/docs/Datasheet/5506fa.pdf

http://www.adlinktech.com/PD/marketing/Datasheet/B816+9826+9846/PClI-

9816+9826+9846_Datasheet 1.pdf

http://www.analog.com/static/imported-files/dataests/AD8309.pdf

http://www.hittite.com/content/documents/data_stmet5111p5.pdf

http://www.hittite.com/content/documents/data_stmet5911p5.pdf

http://www.minicircuits.com/pdfs/VAT-20+.pdf

http://www.minicircuits.com/pdfs/VAT-30+.pdf

http://www.national.com/opf/LM/LM12CL.html#Overview

http://www.rell.com/Pages/Product-Details.aspx?pobldi=7290

[10] http://www.wenzel.com/pdffiles1/Multipliers/LNHQ.jpd

(11 http://www.wenzel.com/pdffiles1/Multipliers/LNOM.hd

(121 http://www.wenzel.com/pdffiles1/Oscillators/Instd6R1-04608a.pdf
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