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ABSTRACT

Software defined radio (SDR) is a rapidly developing field enabled by continuing impnatgeme

in digital electronics. Software defined radi@s been used extensively in communication systems

due to its flexibility and cost effectiveness. Recently, SRR been incorporated into radar
systems, particularly for ionospheric research. $higly investigated the benefits and design of a

high frequency (HF) SDR receiver for the next generation of Super Dual Auroral Network
(SuperDARN) radars. This work anagd digital beamforming and waveform design approaches
that would be enabled by the adoption of a SDR based radar design and found that these techniques
could improve the performance of SuperDARN radars. This work also developed a prototype
receiver to dmonstrate the feasibility of a SDR based SuperDARN radar. The hardware selection
for this receiver leveraged leaost commercial ofthe-shelf software defined radios and amplifier
designs supplemented by custom filters. The software implementatiaeditiNU Radio, an

open source SDR and signal processing platform, to process and record receiver data. A prototype
was successfully designed and constructed using the Red Pitaya software defined radio. This
prototype included a 4 channel receiver whidmswevaluated in the laboratory setting and tested

at the Blackstone, Virginia radar site. A comparison of results from the prototype receiver and the
existing hardware showed promise for the use of this platiofoture ionospheric resedrc



Design d Software Defined Radio
for SuperDARN Radars

Paul Steven Kennedy

GENERAL AUDIENCE ABSTRACT

Software defined radio (SDR) is a rapidly developing fieldch uses software to perfonmradio

signal processing traditionally accomplisheglhardware componentsSoftware defined radio

has been used extensively in communication systems due to its flexibility and cost effectiveness.
Recently, SDR has been incorporated into radar systems, particulaslyafoe scienceesearch.

This study inwestigated the benefits and design of a SDR receiver for the next generation of Super
Dual Auroral Network (SuperDARN) radars. This work analyeshrdesign approaches that
would be enabled by ¢hadoption of a SDR framewosand found techniqueabatcoud improve

the performance of SuperDARN radars. This work also developed a prototype resgigdow

cost commercial ofthe-shelf software defined radide demonstrate the feasibility of a SDR
based SuperDARN radar. A prototype was successfullgediand constructed using the Red
Pitaya software defined radio. This prototype was evaluated in the laboratory setting and tested at
the Blackstone, Virginia radar site. A comparison of results from the prototype receiver and the

existing hardware shad promise for the use of this platform in futapace sciencesearch.



Acknowledgments

To my advisors, Mike and Jo, for supporting guidingme throughout my graduate program.
Thank you for believing in me and giving me thygportunity to join the SuperDARN
community.

To Dr. Earle, for his support as a committee member and for introducing me to research early on
in my undergraduate education.

To Dr. McGwier, for his suppbas a committee member anid passion for resear.

To Kevin Sterne, for supporting my reseaactd answering my many questions.

To the Virginia Space Grant Consortium, for engaging me in STEM as a high school student,
undergraduate research fellow, and graduate research fellow.

To the National Sciare Foundation, for their support of the SuperDARN research group.

To the Bradley Department of Electrical and Computer Engineering, for their support throughout
my education at Virginia Tech.

To my friends, roommates, and fellow students, thank youdimiglmy Virginia Tech family.

To God, for blessing me with all the opportunities that led me to this point.

And of course, to my parents, Pat and Jen, for their unconditional love and support, for
introducing me to engineering, and for raising me to Helae.



Table of Contents

Chapter 1. INrOTUCTION.......cooi ittt ee e eeena bbb r e e e et e e e e e e e s emmeeeeeeeeeas 1
00 R [ o1 (oo [F{ox 1 o] o TP PRSP PP PPPPPPPPPPPP 1
1.2 SUPEIDARN . ...t 2
1.3 RAAAI BASICS......cciiiiiiiiiiitii e ee bttt e eeee e e e e ettt et e e e e e e e e s ammmr e e e e e e e e eaeee e 4
1.4 Coherent IoNOSPNEriC RAGAL...........cooiiiiiiiiiice e 8
1.5 Software Defined RaIO...........cooiiiiiiiiiiiicce e 13
1.6 Research QUestions and STIUCLULE...........ovvviiiiiiiimmmre e eeee s 15

Chapter 2. Potential Benefits of SDR in SuperDARN Radar..........cccccoevviiiieeniiinnnnnnnn. 16
2% R B T T [ vz LI === o ] (o 0 ] [T U 16

2.1.1  Null-Steering TeCANIQUE...........cooiiiiiiiii e 21
2.12  WINAOWING APPrOBCKL. ......uuiiiiiiiiiiiiiiii ettt 24
2.1.3  IMaging Radal..........ccooiiiiiiiiieeeee e 28
2.2 Advanced WaVETOIMS..........uiiiiiiiiiiiii et eeeee e e e e e e eiineas 31
2.2.1 Multiple Beam and Frequency Division Multiplexing Scan Modes............... 31
2.2.2  Directional Filtering...........uuuiiiiiiiiiii e 32
2.2.3 Frequency Multiplexing and Channelizer Design................ueevvvvieeciiviveeeeenn. 34
2.2.4 Cognitive Radar and Adaptive Waveforms............ccccuvvvivieeneeennninieeeee e 38

Chapter 3. Prototype DeVelOpPMENL. .......couuiiiiiiiiii e e e e 42
3.1  Red Pitaya SelECHON.........ceiiiiiiiiiii e 43
3.2 Red Pitaya Impedance and ModifiCatiQn............ccooeeiiieieeemiiiiiiiieee e eeeeeeeen 46
3.3  Red Pitaya CharacterizatiQn.............coovviiiiiiimmee e a7
34  CrossTalk ISSue and ANAlYSIS.......ceieiiiieee i ieeeie e eene e e e e e e e eeeaenen 53



3.4.1 Effect of Cross Talk on Broadside Radiation..........coveuvenieiiiceee e 56

3.4.2 Adjacent Pairing APProach..........cooooiiiiiiiiimeee e eeeea b 59

G T o] 1 =1 T I T [ [ SR 64
3.5.1  Preselection Filler.......cooi i ieee et ee e 65
3.5.2  LINA SEIECHON. ...cii ittt ettt e e e amnen e 67
3.5.3 PCB Design and Implementation..............coouriiiiiiccceeee e 67
3.5.4  Cascade ANAIYSIS..........oooiiiiiiiiiitirees e e e e e 69

3.6 ReCeiNer SYNCNIONIZALION........uuuuiiiiiiiiiiiii ettt e e e e e e e s e e e e e e e e e e e e 71
3.6.1 Calibration Signal............ouuuiiiiiii e ——— 71
3.6.2 Magnitude Calibration..............ceeiiiiii i eeer e 73
3.6.3  Coarse AlIgNMENT N TIME.......uuiiiiiiiiiiiiie e 75
3.6.4  Phase SYNChrONIZation...........ccuuiiiiiiiiiiieeeeeee e 78
3.6.5 LongTerm Stability of Cancellation RatiQ..............ccooviiiiiccc e 79
3.6.6 Clock Distribution for Multiple Channel Synchronizatian............................. 82

3.7 Test Results from Blackstone Radar.............cooouiiiiioiciiiieeen 86
Chapter 4. Future Work and CONCIUSIONS.............uuiiiiiiiiiemceiie e mmme e 92
A1 FULUIE WOTK ...ttt ettt e e e 92
4.2 CONCIUSIONS. ...ttt ieeee ettt e e e emmr et e e e e e e e e e e e e e e e e s e s ammne e e e e e e e e e e aans 93
REFEIEINCES. ... enee e eeeas 95
Appendix AT Cross Talk ANAIYSIS.........ccoeiiiiiiiieeeeiieeee et eeeeas Q9
A.1 Opposite Pairing APProachl..........oooeiiiiiiiiiir e e e e e e 29
A.2 Half Pairing APProach.........coooiiiiiiiiiiieeee s e e e e e e e e e ennas 100



Listof Figures

Figure 1.1. Distribution of SuperDARN Radar SIES.[4A].........ccccuvimiiimiieeeiiiiiiiiiiieeeeeeeeeeeees 2
Figure 1.2. Radar A-Of-VIeW POt [4] ..o 3
Figure 1.3. SuperDARN Antenna Array in Holmwood SDA, Saskatoon.[6]......................: 4
Figure 1.4. Simple Radar PulSE SEQUENCE.............uuuiiiiiieeeiiiiiiiiiiii e e 6
Figure 1.5. Possible Ray Paths in the lonosphere J4]......... e, 9
Figure 1.6. SuperDARN-Bul se fAkat s.c.a.n.o...Se.g.uen.c.e...... 12
Figure 1.7. Traditional Superheterodyne Architecture.[13].........ccccviiiiiieemiiiiiiiiiiieeeeen, 14
Figure 1.8. Replacement of Analog Hardware with Software.[13].............ccccoiiiieeevvnnnnnns 14
Figure 2.1. Traditional Beamforming Architecture for Receive and Transmit.Raths........ 17
Figure 2.2. Digital Beamforming Architecture for Receive and Transmit Raths.............. 18
Figure 2.3. Array Factor for 16 Element Linear Antenna Arfay.........ccceeeeeeeeeseeeervvvvnnnnnnnn 19
Figure 2.4. Cascaded Arr&actors for Standard Beamsteering..........ccceeeeeeeeveeecvvvnnnnnnnnn. 20
Figure 2.5. Comparison of Standard Beamforming and-8tglering Approaches................ 23
Figure 2.6. Main Lobe of Cascaded Antenna Patterns..............ccccvvveeeeeeeeiiiiiiniiieeeennn.s 23
Figure 2.7. Rectangular Windowing FUNCUON.............ooiiiiiiiiimmriiiice e eeme e 25
Figure 2.8. Hamming Windowing FUNCHON..............cooiiiiiiii e e 26

Figure 2.9. Effects of Various Windows on Antenna Gain, Sidelobes, and Beamwidth. 27

Figure 2.10. Array Factors and Interference for N=2 Beams.............ccccovvumieieeeeeennnnn. 32
Figure 2.11. Array Factors and Interference for N=4 Beams.............cccccvvumvveieeeerennnnn. 33
Figure 2.12. RF Channelizer Input Signal..........cccooooiiiiiieeeiii e 35
Figure 2.13. Channelizer OULPULS...........coouiiiiiiuiiiee ettt e e e e e 36

Vii



Figure 2.14. Ray Tracing for an IRI Model lonosphere at 10 MHz, 11 MHz, and 12 MHZ7[4]

Figure 2.15. Comparison of Pulse WavefOorms.............iiiiieemiiiieeeeeeeieee e 39
Figure 2.16. Comparison of Range RESOIULION............uuuiiiiiiiieeeiiiiiieieieee e 40
Figure 3.1. Red Pitaya STEMIab 28 [21]...........cccooiiiiiiiiiiimemiiiiiiiieeeeeeeeeee e A
Figure 3.2. Block Diagram of Red Pitaya Digital Frequency Conversions.[22]..............45

Figure 3.3. Minimum Discernable Signal vs Frequency for Modified and Unmodified Dégigns

Figure 3.4. NOISE FigUIe VS. FIEOUEINCY.......cccuuuiriiritiiimemiiiiiitireeseeeeeeeeeeseeessssseneeeeeeeeees 48
Figure 3.5. 1 dB CompPresSion POINt..........cuuiiiiiiiiiiieeecee e 49
Figure 3.6. Third Order Intercept POINt VS FreqQUEeNCY........oooiiiiiiiieeee e 50
Figure 3.7. SFDR VS FIrEOUENCY. ... ..uuuutuuiiiiiiiiiiieeeiitiiiiieee et eeeee e e e e e e eeemeeeeeeeeeeeeaaeaeaeaaaasnanes 51
Figure 3.8. Transmit POWET VS. FIEQUENCY ......cuviiiiiiieiei ittt eeee e 52
Figure 3.9. Third Order Intercept POINt VS. FIEQUENCY........uuuuriiiiiiiiieeeiiiiiiiieieeeeeeeaeeee e 53
Figure 3.10. Effect of Cross Talk on Array Factor%oer  TT.d..........vvvvvviiiiiiesceeerreiiinnn, 57
Figure 3.11. Effect of Windowing on Array Factor $6r W TLJ..ccccoooeeeeeeiiiiiiiiiiieeen e, 58
Figure 3.12. Effect of Cross Talk on Adjacent Pairing Scheme..........ccccooovivieecviinnnnnnnn. 59
Figure 3.13. Variation with Respect to Beam Direction for Adjacent Pairing.................. 62
Figure 3.14. Array Factors for Adjacent Pairing Approach..........ccccoooovviieeriiiiiiii e, 63
Figure 3.15. Modified Superhebdyne Block Diagram for Direct Conversion SDR [13]...64
Figure 3.16. Bandpass Preselection Flter...........ooiiiiieeei e 66

Figure 3.17. Frequency Response of Filter Insertion Loss (Blue) and Return Loss (Magénta)

Figure 3.18. Front ENd PCB DeSIgN........ciiiiiiiiiiii e ceeee e eeeee et e e 68
Figure 3.19. Assembled Front ENd IEBI..........cooiiiiiiiiiiiiiie e 68
Figure 3.20. Front ENd FrequenCy RESPOMSE........uuiiiiiiieee e eeeeeeieeee e 69

viii



Figure 3.21

Figure 3.22.
Figure 3.23.
Figure 3.24.
Figure 3.25.
Figure 3.26.
Figure 3.27.
Figure 3.28.
Figure 3.29.
Figure 3.30.
Figure 3.31.
Figure 3.32.
Figure 3.33.
Figure 3.34.
Figure 3.35.
Figure 3.36.
Figure 3.37.
Figure 3.38.
Figure 3.39.

Figure 3.40.

Figure A.1.
Figure A.2.

Figure A.3.

. CaSCAAE ANAIYSIS....ccoiiiiiiiiiii et 70
Calibration Pulse MagnitUde.............couuiiiiiiiieeneeiieeeeeee e 72
Demonstration of Magnitude and Coarse Time Erors........oooovvvvvvieceeennnnn. 73
Magnitude Calibration Time Interval..........cccccoooiiiiimnn e 74
Calibration Signals with Magnitude CorrectiQns..............euvvvevccceeeeeveeennnnns 75
Cross Correlation Analysf Delay TiMe...........vviiiiiiiiiiiiiiieeeiiiieeieeeece e 76
Magnitude of Calibration Signal After Coarse Alignment................ccceueeee.. 76
Synchronization of Transition Edges After Coarse Alignment.................... 77

Sample by Sample Measurement of Transition Edge After Coarse Alignnyént

Phase Difference VS TUNE.........cooiiiiiiiiiirrer e eeeseinevneeeeeeeeeeee e L O
Phase Difference vs Time of Synchronized Signals.............cccoovveeceeeeeeenn. 79
Cancellation Ratio After Synchronization..............cooooviiicceiee 80
Cancellation Ratio VS TIMIE ......coviiiiiiiiiei e 81
Clock Distribution Board LayQUL..............eeeiiiiiiiieeeiiiiiiieiieeeeee e 84
Two Pulse Sequences Shown in Single Receiver.Data...............ccccceee 87
Synchronization of Receive Channels..........cccoooiiiiieeeiii e, 87
Synchronization of Recorded TX and3Rgnals...........ooooviiiiiiiennn s 88
Digital Receiver Blanking...........cc..uuiuiiiiiieeeiiiiiiiieiicceeeee e 89
Range Time Intensity Display of Prototype Data.............cccevvvveeeeieeeeeenne, 90
Range Time Intensity Display of Main Array Data...............cccevvvveeereeeeeeennn. 90
Array Factors for Opposiairing APProach........ccccceeeeeeiiiiiiiccceeeeeeeee e Q9
Effect of Cross Talk on Opposite Pairing Scheme.............cccovvveeeeiieeeeeee. 100
Antenna Factors for the Half Pairing Approach...............coovvveeeiiiiiiieninnnnn, 101



Figure A.4. Effect of Cross Talk on Half Pairing SCheme...........cccccoviiieemiiiiin. 103

Figure A.5. Variation with Respect to Beam Direction for Half Pairing......................... 104
Figure A.6. Effect of Cross TalknoHalf Pairing Approach.............ccccoiiiiiiieeeniiiiiiii 105
Listof Tables

Table 3.1. Reduction of Maximum Range Due to Cross.TalK...........cccuvvivieemniiiiiininnnns) 60
Table A.1. Antenna Element Weights $66 @ TU.J...oovvveiiiiiiiii e 102



Chapter 1Introduction

1.1 Introduction

The invention otheradioby GuglielmoMarconichangd the vay we communicatacross the

globe Half a century latethe invention of the trargor radio once agairevolutionized

communications by making radioempact and portahleToday, he availability of low cost

electronics has enabled software defined radidsitg a new wave of advancement to radio

engineering Many applications have heéeveloped for commercial communications to

accommodate multiple communication standards and modulation schemes while maximizing the
efficiency of spectrum usage. Software radio technologies also open the door to new techniques

for radar design, particaitly in phased array radar©ne potential use case is theper Dual

Auroral Radar Network§uperDARNc ol | abor ati on6és network of <col

radars due to the unique challenges of ionospheric radar design.

This thesis presents severthniques for improving SuperDARN radar performance and a
prototype demonstrating the feasibility of a software defined SuperDARN radar. This
introductory chapteprovides background informatiogeferenced throughout this workection

1.2 describes thgoals and design of the SuperDARDBIlaboration. Section 1.3 presents radar
fundamentals used in the analysis of potential new techniques and the inherent tradeoffs of radar
design. Section 1.4 summarizes the theory of operation for SuperDARN radaddaeskes

the unique aspects of ionospheric radaection 1.5 provides a brief backgroundsoftware

defined radios anddow they differ frontraditional hardware radiosSection 1.6tates the thesis

objectives and organization.



1.2 SuperDARN

The Syer Dual Auroral Radar Network an international collaboration of over 30 radars

designed to study plasma in the ionospherea r egi on of E afrom&abdus60upper
to 1,000 km in altitudeontaining high concentrations of charged partifl$$2] [3]. The

ionosphere plays a critical role in understanding the risks to electrical power grids,

communication systems, satellite based navigation systems sG&tasnd radiation hazards

for spacecraftiue to space weathetUnderstanding how plasnlaws in the ionosphere
provides the information needteedolarwindanddel t he
interplanetary magnetiteld. The primary focus oSuperDARNIs collecting data on the

plasma convection patterns in the high latitude regodiise ionospherfl]. Figure 1shows the
coverage of the SuperDARN network over mid to polar latitudes as well as the many nations

collaborating towards this objective.
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Figurel.l. Distribution of SuperDARN Radar Sitg4



Each radar site consists of aé@ment antenna array connected to analog bearafsamd a
single transceiver. Theonstructivanterference between array elemeiotsnsa beam of
focused radiated energy which deteresthe look direction of the radar. This beam is then
sequentially steered across the radar field of y@aducing measurements as a function of

range and directioas shown irFigurel.2.
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Figurel.2. Radar Fielebf-View Plot[4]

The color indicates the measured velocity of the radar targets. In the case of the SuperDARN
radars, theargets are irregular density structures in the ionosphere and backscatter from the
Earthds surface. This velocity information i

pattern.

The antenna elements ynbe eitheltog periodic dipole arrays owtn terminated folded dipoles
depending on the particular sjtg§. Both of these antenna options offer a wide bandwidth such

thata rangeof frequencies can be used depending on propagation conditions in the ionosphere

3



and sgctrum usage by interfering sourcesadio waves.Figurel.3 shows a SuperDARN

array at Holmwood, Saskatoon using log periodic dipole arrays as the antenna el@imerits.
antenna elements seen in the main array are connected to radio hardware in the building seen in
the center bthe array. Additionally, a-4lement interferometry array is seen behind the main

array and can be used to obtain elevation angle irztom

Figurel.3. SuperDARN Antenna Arrain Holmwood SDA, Sadsatoon[6]

Currently, SuperDARN radar sites operate as monostatic raglelighathe transmitter and
receiver a@ collocated. Future iterations of SuperDARN radars may operate as bistatic or
multistatic systems, but the radar fundamentals presented imdtksrediscusseanly for

monostatic systems.

1.3 Radar Basics

The origins of radar are usually traced bacWarld War Il andthe Chain Home early warning
radarwhich wasinstrumental in the Battle of BritairEven earlier than World War, Isimilar
technologiesvereused in ionospheric studisach as tha ionosondénventedby Gregory Breit
and Merle Tuve in 126[7]. All radarsystems share tisame basic operating principle. Firat,

transmitter generatefectromagnetic waveshich propagate outwards towards a targjae



interaction between tse waves anthetargetprodu@sabackscattered echo.hiB echo is then
observed by a receiveComparing théackscattered echo with the transmitted signal then
provides information about the targén the case of SuperDARN radars, the desired information

includesthe presence, pogin, and velocity of the target.

The detection portionfaadar (RAdio Detection And Rangingy determined fronthe presence
or absence afeceivedpower (0 ). A detection thresholdifferentiatesbetween the presence of a
target and random thermal noise power. &kgectecpower is determined by the radar range
equation shown in thEquationl below where) is the transmitted poweiQis the antenna gain,
_is the wavelength, is the radacross section of the target, aivds the range of or distance to

the targe{8].

0 —— (1.1)

The target position iepresented bthe range and direction tbe target relative to the radar
position Therangeis determined from the time delay) of the echo from the transmitter to the
receiver. The range and time delay are related by the propagation velocity of the radio wave

which is taken to be the speed of ligfit &s shown in Buation2 below:

@0
Y = (1.2)
C

The factor of two is a result of the radio wave travelling twice the distance to the target as it
travels from tha@ransmitter, to the target, and back agaihe direction othe antenna beam
when a detection occurs provides the directional informatidheofarget. The antenbaam
orientation is measured in both azimuth and elevation wbarhbined with the target range

gives the relative position of the target.



Therange and direction of the target are not exactly known due to instrumental limitations on the
resolution of the measuremeniBhe azimuthabeamwidth of the antenna deternsribe
azimuthalresolutionof the radar.Likewise, the elevation resolution is determined by the
beamwidth of the antenna in elevation. In the case of the SuperDARN radars, the linear main
array only provides azimuthal information unless combined withrnmation from the

interferometry array to determine the elevation angle. ilde=form design determines the

range resolution of the radg.

In a pulsed Doppler radar, the radar transm#scuence of pulsésansmittingenergy and a
interpulseperiod withoutradatedpower. Figure 3shows a sample pulse sequence where the
duration of a single pulse is givenfand the time between the start of subsequent pulses is the

Pulse Repetition Interval (PRI). The inverselué PRI is referred to as the Pulse Repetition

Frequency (PRF).
N

”)

° PRI
'é <

=

g

<

-— Time .

Figurel.4. Simple Radar Pulse Sequence

Thepulse length determines the range resoluteY) ©f the radar as shown irmgEation3

below:



Y — (1.3

The target velocity is obtained from the phase information of a pulsed Doppler radar. As
suggested by the name, the velocity information is obtdigedeasuring the Doppleffect on
thereceivedwaveform. For a stationary radar, any target with motion along the radaifline

sight will impart a frequency shift on the backscattered echo. This frequency shift is called the

Doppler frequency’Q) and is directly proportional to thelative velocity @ ) of the target:

N (1.4

The Doppler frequency is obtained from radar data by examining the phase information between
subsequent pulses. Using a quadrature receiveteuithie, both the amplitude and ph&%e
information of the backscattered echo are preservéd. Doppler frequency is then calculated

from the change in phase betwealepulse in the radar sequence:

’ 0,
LR (L5)
¢" Qo
Ambiguities are introduced if the Nyquist sampling theorem is violated due to large phase

change between two pulses. Since the time between pulses is given by the PRF, the maximum

unambiguous Doppler shift and Doppl@lacity can be exgssed as a function of the PRF:

b YO 0 YO
o —ho = (1.6)

Recalling thathe maximum unambiguous ranganversely proportional to the PRF, there is an
inherent tension between achieving a long maximum ambiguous range and a high maximum
unambiguous velocity. Much of radar waveform design is focused on techniques to circumvent

this issue.



Increasing the imber of pulses ggears to be a simple method for increasing the received power
without affecting the positional resolutiofowever for a fixed range ambiguityncreasing the
number of pulses negativelffects the temporal resolution or refresh rdt¢éhe radar.In the

case of SuperDARN radars, plasma convection patterns are dynamic andradfigkh rate is
beneficial for understanding how changes in the plasma flows happkigh refresh rate
ensursthat brief features in the convection abserved. Theupdate rate for the entire radar
field-of-view is usually1-2 minutes in the SuperDARN radars and is a function of the dwell time

on each bearand the number of beams required to completely scan the radaoffsalelv [4].

1.4 Coherent lonospheric Radar

Utilizing radar for the purpose of ionospheric measurements requires a unique set of
considerations. First, the propagation of¢hatted radio wave ialteredby charged particles
present in the ionosphere. Tioaosphere is foredby several layersrdered by altitudavith
varyingpropertiesof particle composition, density, velocity, and temperatdiee refracton of

a propagating electromagnetic wave through the ionosplegends onie frequency of the
wawve and thdree electron densitipn the ionosphereSince the free electron density varies with

altitude, herefractive indewaries with altitudd9].

Satellite communications typically use higher frequencies such as X ba2d3BIz) in order to
minimize the change in refractive index and penetrate through the ionosphere. On the other
hand, amateur radio operators utilize lower frequencies such as the3@MHz) spectrum and
leverage the ionospe r e 6 s p r o p enling-oéssght (LOS) eomnunicationdl.

Typical LOS communications are limited by obstacles or the curvature of the Earth preventing a
clear path from transmitter to receiver. A sky wave propagation mode takes advariege of

change in refractive index in the ionosphofireflecd radio waves ofthe ionosphere



redirecting them to receivers at great distandéss effectivereflection occurs when the upward
propagating wave encounters a transition to a layer of sirftlgihigh density to refract the
wave to propagate downwardsigure 5Spresents the various paths a radar signal may take
through the ionosphere. Shallow incidence angles result in 1efrdetck towards Earth, while

sharp incidence angles result imp#&ation of the ionosphere.

B
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Figurel.5. Possible Ray Paths in the lonospHéie

Since the Earthés ground cansefhl sotcohtiethevEar
al | owi nhgo gfidnud p @ r éhopiomeration ocddng When the radio wave is reflected by

the ionosphere more than once. SuperDARN radars also operate in the HF fregungadyoth

to detecsmallscale plasma density variations known as ionaspireegularities, andto take

advantage of muHlinop propagation modes$tructurein the ionosphere or dhe ground

functionas targets for the radar apobduce backscattered echoes.

In most radar systems, echoes from the ground and other stationary objects are considered to be
clutter and diminish the signal quality in the system. In SuperDARN systems, ground scatter can
provide valuable information on propagation and ionospheridittons. For instance, the

reliable and continuous presence of ground scatter tatgetsy daytimesnables the detection

of shortwave fadeout events when the sky wave propagation mode is losttteeottset of



heavy absorption in the ionospheféeverthelessthe primay targets needed for mapping

plasma cavection patternare due taonospheric irregularities

SuperDARN radars operate as coherent scatter ionospheric[@daffiese coherent scatter
radars measure eobs from irregularities in electron density which have spatial scales
comparable to the radar operational wavelengtie local variation in electron density produces
a small fluctuation in the permittivityf the medium When excited by the incident radvave,

a polarization fluctuation is produced which leads to a displacement current density. This
current density results in reradiated energy in the form of radar echoesquitalency

between thepatial scale of the irregularignd the radar walength isimportant for

constructive interference to occur. Whheirregularity has a wavelength equal to dradf of

the radar wavelengtiBragg or coherent scatter occi2s.

Due to the nature of coherent scatter fronmogpheric irregularities, the target radar cross section

(, ) camot be treated the samayasthei har do or di s cpregidugywheatheget as:
radar range equation was introduced. A discrete target has a definite cross sectional area
regardlese f t he radar operating par-fdlinggargetsugchas | n co
rain or ionospheric irregularities are dispersed throughout the entirety of the beam and range

gate. Thus, a larger range gai# wesult in more backscattered power because thiédréev

more target materialTherefore, the radar cross section of a b&img target depends on other

radar parameters. The radar range equation can be modified using a volumetric radar cross
sectionwhich reduces to the modified radar range equaimwn below wheré represents the

effective area of the receive antenna andepresents the volumetric cross section of the

scattering targdtLO]:
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One important difference in this version of the radar range equation is the diminished effect of
range on the received power. Previously, the received power was inversely proportional to the
guartic of range. Nowthe powerdecreases dke square of theange The antenna gajrwhich

is proportional to the effective antenna am@p is also less important to the received power

since a wider beam reflects off more target material. However, the antenna beamstitth
importantfor determining thezimuthal resolutionf the radar Additionally, a tradeoff is

introduced between #received power and the range resolution of the radar.

lonospheric irregularities are an overspread target meaieaningthat a single intepulse
periodsufficiently long to resolve range without ambigutgnnot simultaneously measure the
targets spee without ambiguity In other words, a traditional pulsed Doppler radar cannot
achieved the necessary unambiguous range and velocity needed to characterize the medium.

Instead, a different wavefordesignmust be usefiL1].

To overcome the short correlation time of the medium, SuperDARN and other ionospheric radars
utilize multi-pulse sequencedn a multipulse sequence, each pulse has a different spacing or

lag compared to the other pulsaad multiple pulses occur withnsinglepulse sequenceThe

phase difference information from each lag combination in the sequence can then be used to
calculate the Doppler velocity while maintaining the low PRF required to achieve a high
unambiguous range. This sequence works oagkemption that echoes from different ranges

are uncorrelatefll1]. Figure 6shows an example ofraultipulse sequence used in SuperDARN

radars. Each pulse pair uses a different lag spacing, and no lag combination is.repeated

11



e SuperDARN Multipulse Waveform
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Figurel.6. SuperDARN8-Pu | s e fSeguénsec a n 0

The multipulse sequence d@eome with tradeoffs. The inclusion of niplé pulsesan

introduce a range ambiguity as a received echo may have been generated by any one of these
pulses. This issue is overcome through coherent integration of multiple pulse sequences.
Through this process, the correlated eclomesesponding to the cocerange gatexperience
coherenintegration gain and the uncorrelated cross raup@esare suppressddl]. However,

any repetition of lag pairs W result in a range ambiguity. Conversely, any missing lag pairs

will contribute tospectral ambiguity. Due to hardware constraints, the transmitter and receiver
cannotbe operahg at the same time as the high transmitted power would damage the sensitive
receiver components. In a mytiulse sequence, this means that theivecis blanked with

heavy attenuatioduring the times when the radar is transmitting a pulse. This issue, known as
receiver blanking, can cause missed detections of individual pulse returns. Through careful
design of the pulse sequence, the extethi@feceiver blanking issue can be minimized such

that another pulse within the sequence is likely to detect the targes, waveform design is an

important factor in determining the performance of a SuperDARN radar.
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1.5 Software Defined Radio

Radiofrequency (RF) design has experienced rapid growth corresponding to the evolution of
low cost electronics and the growing popularity of software defined radios. Joe Mitola first used
the phraseoftware radian 1991 to refer t@ class ofeprogrammabler reconfigurable radios
[12] . Alternatively,Dr. JeffreyReedassertsfia good working definition of a software radio is a
radio that is substantially defined in software and whose physical layer behavior can be
significantly alteredthrough changes to its softwaid2]. Thus, the flexibility of software
defined radio, in the sense that its functionality can be reconfigured, is a central attribute of
software radio. This flexibility is paramoufor accommodating the rapahanges in
communicatiorstandards anthe need for multiplenodulation schemesA reconfigurable
systempermits adaptive or cognitive systent@ change their operating characteristics in
response to their environment, ahlbws a single device to achieve the functionality of several
devicesAs Reed notes, this enhanced flexibility is accomplished by replacing hardware

components with digitization and digital signal proces§irj.

Ideally, digitization would occur immediately following tleatenna, buthis approach is not
practical for radidrequency signaldnstead software radio architectures begin witie
traditional superheterodyne approach anpglementcomponents in the digitalomain using

software. Figure 7shows the architecture of an analog superheterodyne receiver.
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Figurel.7. Traditional Superheterodyne Architect(it&]

In this architecture, #hsignal processing is broken down into a réiquency (RF) stage and

an intermediate frequency (IF) stagéhe RF stageshown in redgonsists of all the parts after

the antenna up to and including the mixer. In this stage, hardware componemta pieiing,
amplification, and frequency conversion at a tunable frequency corresponding to the desired
signal. After the mixer performs a frequency conversion, additional signal processing an
demodulation is performed at thigred IF frequency. In sdtware radio architectures, some

elements of the demodulation, IF signal processing, or frequency conversion are implemented in

the digital domain as shown kgure 8

RF RF | IF Amplifier Audio I
YFilter Amplifier Mixer | & Filter  Demodulator Amplifier I
x
X ~x —| >— bt —| >—D:| |
... e — ]
‘n\ ~_ | Local Sampled with an analog to digital
“aef Oscillator converter and implemented in

digital signal processing

Figurel.8. Replacement of Analogardware with Softwarfl3]
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Software radio architectures that eliminate the need for analog mixers are referred to as direct
conversion architectures. While direct conversion is often impractical for traditional radars
operaing in the G1z regime, HF radars can be implemented using direct conversion with an
analog to digital convégr with a high sampling rateA future SuperDARN software defined

radar would likely utilize a direct conversion architecture.

1.6 Research Qestiors andStructure

Thisthesisfocuses on two broad questions relating to software defined radio use in SuperDARN
radars. First, what potentigdar performance benefits wowdoftware defined radio approach
provide? Second, what steps are necessary temnent a lowcost software defined radio
architecture in a SuperDARN radar? The second chapter of this work explores the potential
improvementdo the azimuth, range, and temporal resolution of the thdarcouldbe obtained

using a SDR approach. s&studies are produced fadar performance using several

techniques enabled by software defined radios. The third chapter of this work details the
development o& hardwareprototype and the unique challenges to building a software defined
SuperDARN rdar. A discussion of the results, proposed future work, and conclusions are

offered in the fourth chapter.
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Chapter 2 Potential Benefits of SDR in SuperDARN Radar

The firstpotential benefit oh software radio framework isiproved directional resolution and
reducedambiguity. Sections 2.1, 2.2, and 2.3 examine improvements to directional ambiguity
by using digital beamforming techniques to suppress sidelobe interference. Section 2.4 considers

an imaging radar approach to improving directional resolution.

2.1 Digital Beamforming

The antenna array beamforming process determines the directional resolution, and the low cost
of SDR enables the implementatiohdigital beamformindechniques In an antenna array, like

the arrays used by SuperDARphase delay94 ) corresponding to each antenna element

control he direction of the main lobe of the anteqadtern In traditional analog beamforming,

this process is accomplished receivausing analog hardware to achieve the phasesstmittto
sumthe signaldbefore passing the outpud a single receiver as showigure2.1. On transmit,

a single transmitter generates the waveform, which is then divided and passed to eaeh ante

element with the appropriate phase delays.
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Figure2.1. Traditional Beamforming Architecture for Receive and Transmit Paths

Each antenna element in the array is accompanied by an analog phase shifter. There are several
ways to accomplish the phase shifting in an analog beamformer. The simplest option uses
switched delay lines to reroute the signal through a transmissionitme length corresponding

to the desired phase delay. This approach benefits from the simplicity of the design, but it limits

the performance of the beamformer.

First, the relationship between transmission line length and phase delayelenvgir depndent.
Thus,changes in frequency will alter the phase delay in the beamformer and will distort the
resultant array factor. Additionally, the number of potential look directions must be
predetermined in order to ensure that all requisite delay linéhl@pgions are available in the
design. In order to have a large number of look directions, the corresponding hardware then
becomes relatively large or complex to account for all potential phase delays. At very low
frequencies, the delay line lengthsuiggd may be prohibitively large requiring a more complex

delay line design.
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Alternatively, electronic phase shifters can be used to provide a variable phase delay based on a
control signal input. This approach benefits from higher degrees of flexdnilityrecision due

to the ability to select the desired phase shift electronically. Electronic phase shifters can also be
smaller than delay lines, particularly at lower frequencies. However, phase shifters suffer from

bandwidth limitations similar to theelay line approach.

Digital beamforming offers an alternative approach to the traditional delay lines and phase

shifters. In a digital beamformer on receive, each antenna element in the array is sampled by a

separate ADC. After quantization, phase gelare applied to each signal in the digital domain

and the summation is also performed digitally. On transmit, each element is fed by a separate

DAC and the phase delays are applied in the digital domain as sh&igure2.2.

Y Y Y Y Y Y Y Y
ADC ADC DAC DAC

ADC ADC DAC DAC

Digital Phase Shifting Digital Phase Shifting

Receiver Transmitter

Figure2.2. Digital Beamforming Architecture for Receive and Transmit Paths

This approach offers considerably greater flexibility and enablesmethods of optimizing the
array performance. The increase in signal processing complexity is offset by the reduction in
electronic circuitry. The lack of electronic switches of phase shifters increases the reliability of
the beamformer and improves xecision of the beamformer across a wide range of

temperatures and frequencies.

18



Previously, the prohibitive cost of placing a transceiver on every antenna element made analog
beamforming the preferred option. Continuous advancements in electronigy tes

evolution of software defined radios, and the corresponding reduction in cost now enable the
widespread implementation of digital beamforming techniques. Enabling digital beamforming
techniques is one potential motivation for adopting a softveati® architecture in future

SuperDARN radars.

This work explored a number of potential processing methods in order to determine the potential
system improvement as a result of adopting a digital beamforming appridsicty MATLAB,

this workdevelopedcodeto enable the analysis af16 element lineantenna array for various

phase and amplitude weightdsing standard phase weightirige corresponding array factor

appears as shown kgure2.3.

16 Element Uniform Isotropic Array

Gain (dB)

_60 Il 1 Il 1 1 1 1 Il 1
50 60 70 80 90 100 10 120 130
Azimuth (90 Degrees Being Broadside)

Figure2.3. Array Factor for 16 Element Linear Antenna Array
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One notable feature is that the highest sidelobe is ondE3below the peak of the main lobe.

In a radar system, the varying radar cross section of different targets means that a large target in
one of these sidelobes could obscure a smaller target in the main lobe or cause a false detection
when there is no tgetpresent An additional factor to consider is that the SuperDARN system

IS monostatic meaning the same antenna is used on both transmit and r€asneding the

transmit and receive patterns produces the combined pattern shbigane2.4.

16 Element Uniform Isotropic Array

-10
-20

-30

-40 t

| /\ /\

_60 1 1
70

100 110 120 130
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Figure2.4. Cascaded\rray Factors for Standard Beamsteering

The sidelobe attenuation from both patterns resultgee& siélobe 26 dB below the main lobe
peak. Examining the overall pattern, the sidelobes faljuittkly after the first sidelobeSince
the secondary sidelobes are far lower, reducing the first sidetoib@ improve the radar
performanceevenif it increase power inthe lower sidelobesNull-steering offers one potential

method for the suppression of sidelobe interference.
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2.1.1 Null-Steering Technique

Any antenna patterocontainsa main lobevhere radiation is desiredidelobes where sources of
interferencemay occur, and nulls where incoming power is rejected. Traditional beamforming
typically focuses orthe placement of the main lobe, but many modern applications have
warranted exteated focus on the placemesftnulls. The typical advantage of a rsteeing

approach comes from placing nulls in the direction of known interference sources. In the case of
SuperDARN radars, predetermined interference sources are minimal, bsteeuihg can be

adapted to suppress sidelobe power.

Null-steering accomplishewill placement by modifying the phase and amplitude weights
applied to each element of the antenna arfidye weights of the traditional beamformer with
main lobe peak in the direction %6 are calculated as a function of antenna element nuraper (

according to the equation beld®4]:

E 00Q (2.1)

In these weights, the direction of the main lobe is controlled by the phase delay from the
complexexponential term, and the shape of the pattern is influenced by the amplitude weights
(0 ) applied to each antenna elemeNext, the weights corresponding to a traditional
beamformer steering in the direction of a desired ndbaire calculated aocding to the

equation below14]:

E 00Q (2.2)
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These two sets of weights represent two beams with different main lobe directions. This new
weighting vector is then scaled by a fadt@nd subtracted from the traditional weighting vector
as shown in the equations belomhere the superscripQ, repgesents the Hermitiainanspose of

the vectof14]:

(2.3)

2 (2.4)

Subtracting the weights corresponding to the null placement accomplisheteeulhg by
creating destructive interference in the radiation pattern in the direct¥én ofhe scaling factor

minimizes distortion of the radiation pattern in the desirathrtobe direction o%o.

This work used nulksteering approado place a null in the directioof the righthand peak
sidelobe on transméndin the directiorof the left hand peak sidelobe on reeeivlhis type of
steering requires doubled phasédtsig hardwarewith the traditional delay liner analog phase
shifterapproacksto beamforming In digital beamforming, this approach can be implemented
by simply changing the values of the phase weightge resulting combined antenna pattern

using his asymmetric nubteering approach is shownkigure2.5.
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Figure2.5. Comparison of Standard Beamforming aal-Steering Approaches

This approach significantly reduces the peak sidelobe of the cascaded antenna pattern. With null
steering, the peak sidelobecomes thresmaller sidelobes with a peak-88 dB relative to the
peak of the standard main lobe. However, this comes at the expense of a reduced main lobe peak

for the null steering approach whichshown more clearly iRigure2.6.

16 element uniform isotropic array
0 T T T : : T

Standard
Null-Steering

Tx Gain - Rx Gain Product [dB]
A

84 86 88 90 92 94 96
Azimuth (90 degrees being broadside)

Figure2.6. Main Lobe of Cascaded Antenna Patterns
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As can be seen in the figure above, there is a 0.5 dB loss using tis&eeulhg approach

discussed aboveRecalling he radarange equatiqgrthis loss in power or antenna gain results in

a reduction in the system signal to noise rdftlws, the sidelobe interference improvement of

the nullsteering approach comes at the expense cfahsitivityof the radar system.

Ultimately, null-steering approaches to beamforming, enabled by SDR and digital beamforming,
can reduce clutter and false detections by suppressing sidelobe interference at what appears to be

a minor cost in terms of sensitivity.

2.1.2 Windowing Approach

Windowing offersanother approach to sidelobe suppression in antenna arreyasage of
windowingfunctions to mitigate sidelobe interferense standard practice digital signal

processing andffersanother tool for improving theadarperformance.ln spectrakhnalysis,

applying a Fourier transform to a signal of finite length results in spectral leakage which appears
as sidelobes in the frequency domain. Windowing mitigates spectral leakage by applying a
tapered weighting function across the signal deempingsize discontinuities at the ends of the
finite length signa[10]. In phased arrays, each element of the finite length antenna array is a
sample in space of the incident wave analogous to the time domain samples usedrfdr spe
analysis. Thus, many of the same spectral processing techniques can be applied to phased arrays.
The sampling nature of phased arrays also gives rise to the traditiorablalength spacing

between array elements to satisfy the Nyquist samtiegrem.
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A wide variety of windowing functions exist, each with varying degrees of sidelobe suppression,
mainlobe widening, and scalloping loss. A traditional SuperDARN beamformer with no
windowing applied is effectively a 16 point rectangular windayiunction with one point for

each element of the antenna array. Using the paradigm of spectral analysis, the time and

frequency domain effects of a 16 point rectangular window are shokigune2.7.
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Figure2.7. Rectangular Windowing Function

Each point is weighted equally resulting in a sharp discontinuity at the end of the sample. The
frequency domain plot shows agk power magnitude of 24.1 dB corresponding to the

integration gain of 16 samples. It also shows a mainlobe 3 dB width of @aisample and a

peak sidelobe power e13.2 dB. This integrationagn and-13 dB sidelobe power afamiliar

from the aray factor figure. This same result occurs because spectral analysis with a rectangular
windowing function is equivalent to the traditional beamforming process. An alternative

windowing process using a Hamming window is showRigure2.8.
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Figure2.8. Hamming Windowing Function

In the time domain, the Hamming window sharply tapers the edges of the sampling interval in
order to reduce spectral leakage. Due to the tapering, some of the integration gain is lost as
shown by a peak power of only 18.2 dB. The mainlobe is also much wider with a 3 dB width of
0.16" rad/sample. The advantage of the Hamming window comesdrsmarply reduced peak
sidelobe level 0£39.4 dB relative to the main lobe. Each windowing function utilizes a different
tapering scheme to achieve a different tradeoff between loss of integration gain, main lobe
broadening, and sidelobe suppressidhis work explored severalindowing functiongor
SuperDARN phasedrrays and select results of windows applied to a 16 element linear array of

isotropc elements are shown kigure2.9.
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Figure2.9. Effects of Various Windows on Antenfin, Sidelobesand Beamwidth

As seen in the figure abovenefundamental tradeoff in the usage of windowing functions is
reduced sidelobes in exchange for increased beamwidth. In the particular application of the
SuperDARN overthe-horizon radars, the directiona@solution at the furthest range gates is

linearly dependent on the antenna tme@adth as shown in the equatiobslow[10]:

— — i o3 Y>— (2.5)

At close range gatedirectioral resolutions on the order of tens of kilometers are achievable.
However, at the furthest range gates,dinectioral resolution degrades to hundreds of

kilometers. Thusthe cost okacrificing beamwidtimust be considered versile improvement

in sidelobe rejection. There is a possibility of using windows in applications that do not require
fine directioral resolution. For instance, a radar operating mode could utilize a scan with a wide
beamwidth in order to more rapidly complete the scan anddebighertemporalresolutionat

the expense of thairectional resolution
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