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AbstratThe purpose of this thesis has been to reate tools for radar performane estimation intrue operational environments and to evaluate the feasibility of millimeter wave band forradar appliations. Radar wave propagation and baksattering was studied in di�erentenvironments using real radar data obtained from �eld measurement ampaigns.Measurement results of radar lutter in typial illumination geometries enountered usinga ground-based radar are presented for Ka- and V-band. The low grazing angle (<5◦)lutter baksattering measurements as well as measurements at perpendiular inidenepresented in this work are ompletely new results, for whih omparisons an not be foundin open literature. For example, the snow overed ground baksattering oe�ient atV-band was found to be on average 12 dB larger than at Ka-band. Additionally, newvolumetri baksattering oe�ients of rain and snow at Ka-band are given. Also newspetral dependeny values for vegetation lutter spetrum at Ka-band are proposed. Theross-over level from Gaussian low-frequeny omponents to Lorentzian high-frequenyomponents for vegetation lutter, aording to our measurements, is 5 dB higher thanwhat was previously reported.Phenomena related to radar wave propagation are disussed and new measurement resultsonerning lear sky baksattering variations due to meteorologial inversion layer arepresented. A lens-e�et theory proposed by Shneider (1998) is veri�ed to be valid also inonnetion to long radar ranges up to 3 kilometers and for suessive onave and onvexterrain pro�les. Furthermore, this thesis addresses several details onerning arrangingand onduting pratial radar measurements in true operational environments, inludingalibration issues and de�nition of antenna beamwidth in lutter measurements. A 1.2dB unertainty has been ahieved in pratial �eld measurements of lutter and targetbaksattering. Also a novel and easy-to-use approah for radar pulse width optimizationhas been introdued, taking into aount the e�et that radar reeiver bandwidth has onthermal noise �oor and the pulse width to the e�etive lutter ell area or volume. Forexample, for rain lutter volumetri baksattering oe�ient of η = 5 · 10−4 m2/m3 andtarget RCS of 100 m2, the optimal pulse width is found to be 150 ns and the orrespondingmaximum radar range is 5700 m.The new measurement results presented in this work provide tools for developing of signalproessing algorithms for millimeter wave radar. Several pratial tools and methods forradar performane estimation have been given, and new observations of baksatteringand radar wave propagation are reported.
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Symbols
a saling oe�ientheight of a retangular plate [m℄
at non-�utuating target amplitude [V℄
a1 experimentally determined onstant
A physial area [m2℄
Ac illuminated area [m2℄
b width of a retangular plate [m℄
Bn noise bandwidth of a reeiver [Hz℄
c speed of light [m/s℄
C(x) Fresnel osine integral
C/N lutter-to-noise ratio
D largest dimension of an antenna [m℄
E eletrial �eld strenght [V/m℄
E0 radiated eletrial �eld strenght [V/m℄
Ed inident eletrial �eld strenght of diret path [V/m℄
Er inident eletrial �eld strenght of re�eted path [V/m℄
f frequeny [Hz℄
fc enter frequeny of a radar [Hz℄
fD Doppler frequeny [Hz℄
fG gaussian orner frequeny [Hz℄
fL Lorentzian orner frequeny [Hz℄
F noise �gure,propagation fator
Fr propagation fator on a path between target and reeiver
Ft propagation fator on a path between transmitter and target
g(θ) antenna beam shape weighting funtion
g3 skewness
g4 kurtosis
G gain of an antenna
Gr gain of a reeiving antenna
Gt gain of a transmitting antenna
G0 maximum gain of an antenna
hr height of a radar antenna from the ground [m℄
hrms root mean square of the surfae height irregularity [m℄
ht height of a target from the ground [m℄
h(t) impulse response
i general index
I total number of resolution steps
I0 modi�ed Bessel funtion of zero order
k wave number [1/m℄ 9



10 SYMBOLS
kB Boltzmann onstant (= 1, 38066× 10−23 JK−1)
ki imaginary part of wave number [1/m℄
kr real part of wave number [1/m℄
L largest target dimension [m℄,bistati radar baseline lenght [m℄
Latm two-way atmospheri attenuation
Lx general attenuation fator
m number of samples in a single histogram bin
M number of samples in the input to orrelator
Mq(x) q-th moment about the mean
n number of pulsesLorentzian exponent
ni number of samples in i-th bin of a disrete data set
N number of samples
p(t) pulse shape weighting funtion
Pd probability of detetion
Pfa probability of false alarm
Pi inident power on target [W℄
Pin detetor input power [W℄
Pmin minimum detetable target eho [W℄
Pn(θ, ϕ) normalized radiated power density of an antenna in spherial oordinates
Pr reeived power [W℄
Pt transmitted power [W℄
Q(α, β) generalized 1st order Marum Q-funtion
r radius of a irle or sphere [m℄
rL lens fator
R radar range [m℄
Rd range from radar to taget via diret signal path [m℄
Rfar far-�eld range [m℄
RL radius of loal urvature of ground [m℄
Rmax maximum radar range [m℄
Ropt radar range orresponding to the optimal pulse width [m℄
Rr range from target to reeiver in a bistati radar on�guration [m℄,range from radar to target via re�eted signal path [m℄
Rt range from transmitter to target in a bistati radar on�guration [m℄
RT transition range [m℄
S(x) Fresnel sine integral
S/C signal-to-lutter ratio
S/N signal-to-noise ratio
(S/N)minminimum allowed target signal-to-noise ratio
Sr reeived power density [W/m2℄
t time [s℄
T0 referene temperature (290K)
Tant antenna noise temperature [K℄
Tsys system noise temperature [K℄
u video voltage [V℄



SYMBOLS 11
uD detetor voltage [V℄
Uout video voltage at detetor output [V℄
UT threshold voltage [V℄
vD Doppler veloity [m/s℄
W0 spetral power density at zero
W (f) spetral power density
x integration onstant
x̄ mean value
xi individual sample of measured data set
α attenuation oe�ient [1/m℄argument of Marum Q-funtioninverse of antenna beam shape orretion fator
β phase onstant [1/m℄,bistati angleargument of Marum Q-funtion
Γ total power re�etion oe�ient
δ(t) delta funtion
ǫ permittivity [As/Vm℄
ǫr relative dieletri onstant
ǫ0 permittivity of vauum (= 8, 85419× 10−12 As/Vm)
ζ integration variable
η volumetri sattering oe�ient [m2/m3℄
ηr antenna e�ieny
θ o�-zenith elevation angle in spherial oordinate system
θR north-referened target azimuth angle from reeiving site
θT north-referened target azimuth angle from transmitting site
θ1.5dB 1.5 dB beamwidth of an antenna main beam
θ3dB 3 dB beamwidth of an antenna main beam
θ3dB,az 3 dB beamwidth of an antenna main beam in azimuthal diretion
λ wavelength [m℄
µ permeability [Vs/Am℄
ρs speular re�etion oe�ient
ρF Fresnel re�etion oe�ient
σ monostati radar ross setion [m2℄
σb radar ross setion of the bakground eho [m2℄
σbi bistati radar ross setion [m2℄
σc radar ross setion of the alibration target[m2℄
σfar monostati radar ross setion in far-�eld onditions [m2℄
σmeas measured radar ross setion [m2℄
σs ondutivity [1/Ωm℄
σ0 sattering oe�ient [m2/m2℄
τ radar pulse width
φ grazing angle
Φ phase angle
ϕ azimuth angle in spherial oordinate system
Ψ2 variane of noise voltage



12 SYMBOLS
ω angular frequeny [rad/s℄
Ω solid angle [sr℄



AbbreviationsBSS Baksattering Simulation Software (ommerial trade name)CAD Computer aided designCW Continuous waveCFAR Constant false alarm rateCOHO Coherent osillatorDC Diret urrentDRO Dieletri resonator osillatorDSP Digital signal proessingDVD Digital versatile disESM Eletroni support measuresFFT Fast Fourier transformFGAN Forshungsgesellshaft für Angewandte NaturwissenshaftenFMCW Frequeny modulated ontinuous waveFSK Frequeny shift keyingIF Intermediate frequenyITU-R International Teleommuniation Union - Radioommuniation setorI/Q In-phase/quadrature-phaseKREMS Kiernan Re-entry Measurement SiteLNA Low noise ampli�erLO Loal osillatorLPI Low probability of intereptMB Mega byteMTI Moving target indiationPC Personal omputerpdf Probability density funtionPIN diode Positive-Intrinsi-Negative diodePPI Plan position indiatorPRF Pulse repetition frequenyRCS Radar ross setionRF Radio frequenyRPC Re�eted power anellerRT TranseiverRx ReeiverSAR Syntheti aperture radarSTALO Stable loal osillatorSWR Standing wave ratioTDOA Time-di�erene-of-arrivalTE Transverse eletri modeTM Transverse magneti modeT/R Transmit/reeive 13



14 ABBREVIATIONSTTL Transistor-to-transistor logiTx TransmitterUAV Unmanned aerial vehileUHF Ultra high frequenyRadar frequeny bandsL-band 1-2 GHzS-band 2-4 GHzC-band 4-8 GHzX-band 8-12 GHzKu-band 12-18 GHzK-band 18-27 GHzKa-band 27-40 GHzV-band 40-75 GHzW-band 75-110 GHz



1 IntrodutionA entury has passed sine Christian Hülsmeyer's patent appliation for the Telemo-biloskop on 30th April 1904 [1, p. 8℄. The radar engineering ommunity has ome along way from the "Herzian-wave Projeting and Reeiving Apparatus" to design and on-strut highly sophistiated and omplex radar systems, eah spei�ally tailored to servethe desired purpose. The �eld of radar engineering grew rapidly during and espeiallyafter the World War II [2℄. Sine then the majority of all ground-based, maritime andairborne radars have operated at S-, C- or X-band with an exeption of a small group ofspeial purpose radar systems at UHF-region and at lower end of the K-band. Althoughthe fous of most of the work done on radar tehnology has always been on mirowavefrequenies, the researh and development of millimeter wave radar started already morethan 50 years ago. At millimeter wave frequenies a very good angular resolution anbe ahieved with a small antenna aperture, and due to the feasible wide bandwidths therange resolution is realizable up to the order of entimeters [3, pp. 36-40℄. Furthermore,the tolerane against eletroni ountermeasures is inreased in a millimeter wave radar.Despite the evident advantages of higher frequenies the number of appliations suitedfor millimeter wave radar are limited due to the hallenges in generation and radiation ofhigh power, as well as the inreased atmospheri gaseous and hydrometeor attenuation ofradar signal in omparison with onventional mirowave frequenies. However, if we on-sider the relatively small sizes of RF omponents and antenna dimensions at millimeterwave frequenies it beomes lear that a millimeter wave radar is an interesting optionfor appliations where the small size and weight of the radar hardware is desired, suh ason board small-sale moving platforms or for portable solutions.1.1 Civilian and military millimeter wave radarsMillimeter wave radars are employed in a wide range of appliations for ommerial, mili-tary and sienti� purposes. They are used in onnetion to di�erent modes of operation,suh as in remote sensing, safety and measurement appliations. In industrial use themillimeter wave sensors are often superior to infrared sensors due to the ability to pene-trate fog, smoke and other obsurants. Some of the most ommonly used millimeter wavesystems inlude:
• Automobile Collision Warning sensor
• Altimeters and various height/depth measurements in hostile environments
• Speed and range measurement
• Intrusion detetion
• Airraft ollision warning/obstale detetion system for heliopters and UAVs
• Imaging appliations
• Cloud- and sattering radars and other meteorologial purposes
• Motion sensors for automated systems15



16 INTRODUCTIONThe researh of vehiular radar started in the 1970's but it was not until mid 1990'swhen the developments in millimeter wave omponent tehnology enabled the automobileindustry to introdue small vehiular radars in their ars to perform antiollision andadaptive ruise ontrol funtions [4, pp. 263-267℄. Some of the early solutions were basedon laser tehnology, but they were gradually abandoned due to the problems aused byweather onditions and dirty ars. Most of the manufaturers have hosen a frequenyband in the viinity of 76 GHz and an FMCW waveform for their radars allowing forpreise doppler shift- and range measurements and easier installation of the devie intothe limited spae available in the vehile.One of the largest known millimeter wave radars is one of the KREMS radars on Roi-Namur Island [5, 6℄. It performs imaging and traking of ballisti missiles as well asprovides information of spae debris for the Spae Objet Identi�ation group. The radarwas built by Linoln Laboratory in ollaboration with University of Massahusetts, RadioCorporation of Ameria and Raytheon. The antenna diameter of this huge radar is 13,7m and it is a dual frequeny devie, transmitting peak powers of 60 kW at 35 GHz and1,6 kW at 95,48 GHz. Apart from this US Army operated radar other known operationalmillimeter wave radars in military use have not been desribed in the open literaturevery aurately. Perhaps the most well known military millimeter wave radar is a jointventure of Lokheed Martin and Northrop Grumman alled Longbow Fire Control Radar(AN/APG-78), installed on the US Army's Apahe AH-64D attak heliopter [7, 8℄. Theradar antenna, proteted with a radome, is mounted atop of the heliopter main rotor.The radar has several modes of operation and it employs highly sophistiated data andsignal proessing methods. The maximum detetion range is 10 km.Sensor solutions involving the use of millimeter wave radar on ground operating armouredmilitary vehiles have emerged reently. US Army Researh laboratory and NorthropGrumman have experimented with a Ka-band radar installed into a M1A2 Abrams battletank [9℄. The radar's main tasks are battle�eld identi�ation and surveillane and toestablish ommuniation link between ground vehiles. These tasks are ahieved by usingfour ative eletronially sanned arrays, one at eah side of the tank. Duth Army hasan integrated Radar and Fire Control System installed into a Leopard tank to providesanning and traking for the anti-airraft system [10, Ch. 7℄. The system onsists ofX- and Ka-band radars, whih both use the same paraboli antenna for transmissionand reeiption. The same onept is also being used in Duth naval ships. RussianKhrizantema AT-15 is an anti-tank missile system using laser- and millimeter wave radarhoming [11, 12℄. The system is installed into a modi�ed BMP-3 infantry ombat vehilehassis and the radar is apable of guiding the missile up to 6 km.1.2 Sope and ontents of this thesisThe sope of the studies presented in this thesis has been to reate tools and methods toevaluate the feasibility of millimeter wave band for radar appliations. In this thesis theevaluation methods and new observations onerning millimeter wave propagation andsattering lose to surfae are summarized. Several di�erent instrumentation radars weredesigned and onstruted during the researh, beause the emphasis has been on real �eld



INTRODUCTION 17experiments and empirial tests, resulting from the desire to use true millimeter waveradar data rather than simulations.After this short introdution, in Chapter 2 the theoretial basis of radar and radar signalproessing are disussed and di�erent main types of radars are presented. In Chapter3 the developed V-band test radar is presented and some interesting design outlines aredisussed inluding alibration issues. The baksattering measurements of millimeterwave radar signals in Sandinavian environment are presented in Chapter 4. Measuredexamples of target RCS values are given in Chapter 5 together with disussion of RCSbehaviour at millimeter wave frequenies. Chapter 6 disusses the suitability of well knownradar signal proessing methods to millimeter wave radars. Summary of publiations isgiven in Chapter 7 and onlusions in Chapter 8.1.3 New sienti� resultsThe work presented in this thesis has produed new knowledge in the following areas:1) The feasibility of a ompat millimeter wave radar has been demonstrated in trueenvironmental onditions.2) Several hardware solutions have been evaluated in onjuntion with pratial �eldmeasurements.3) Results of ompletely new baksattering measurements of soil, vegetation and snowat V-band are presented.4) New results of Ka-band baksattering measurements of soil, vegetation and snowat extremely small and large grazing angles are presented.5) New rain and snowfall baksattering measurement results are presented at Ka-band. Completely new radar signal attenuation and baksattering measurementresults from explosions of shaped harges are presented.6) Measurement results showing an unknown phenomenon of variations in lear-skybaksattering of millimeter wave radar signal in orrelation with the existene of alow level inversion layer in the atmosphere are presented.7) A novel and easy-to-use approah for radar pulse width optimization has been in-trodued.8) Results of measurements aimed to verify a speial radar signal propagation phenom-enon alled �lens-e�et� presented in open literature are shown and disussed. Thesuggested theory is shown to be valid and has been extended to over long radarranges and multiple suessive onave and onvex portions of terrain pro�le.



2 Theoretial fundamentals of radar2.1 General radar theoryRadar transmits eletromagneti energy into its surrounding environment through a ra-diating element. The radiated eletromagneti waveform is sattered by objets in thevolume within the radar overage, and the baksattered energy is aptured with the same(monostati operation) or with separate (bistati operation) radiating element. The maintask of a traditional radar is to detet the presene of nearby objets, to determine theirrange, bearing angle and possible radial veloity [13, Ch. 1℄. In ase of moving objetsthe radar might also perform traking, lassi�ation and priorization of deteted targets[14℄. The amplitude harateristis of the ehoes together with Doppler- and polariza-tion �ngerprints provide information with whih the operator and the data proessor,or more often the data proessor alone, an make the deision onerning detetion andlassi�ation of the objet in question.2.1.1 Radar equationThe radar antenna gain ompared to an isotropi radiating element is alulated with
G =

ηr4πs
Ω

Pn(θ, ϕ)dΩ
; dΩ = sinθdθdϕ, (2.1)where Pn(θ, ϕ) is the normalized radiated power density of an antenna in spherial oor-dinates and ηr is the antenna e�ieny, a single parameter that inludes all unidealities ofthe antenna suh as surfae auray, pro�le auray and illumination e�ieny [15, pp.813-815℄. Surfae auray is a measure of the RF smoothness of the re�eting surfae,and pro�le auray desribes how losely the shape of the re�eting element approxi-mates the optimal shape designed for the antenna. Illumination e�ieny inludes theproblems with the antenna feed pattern optimization, like possible overspilling issues andedge tapering e�ets when trying to ahieve uniform illumination of the re�eting aper-ture. The supporting strutures of the feed also redue the e�etive olleting area of theantenna [16, pp. 312-316℄. Typially the antenna e�ieny values for a paraboli dish atmillimeter wave frequenies are in the order of 0.5 - 0.6 [17, pp. 512-513℄. For a paraboliantenna with one feed the gain an be approximated with

G = ηr
4πA

λ2
= ηr

(

πD

λ

)2

, (2.2)where A is the physial area of the antenna, D its largest dimension and λ the wavelength.The power density of the transmitted and baksattered radar signal at the monostatiradar antenna loation is
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, (2.3)18



THEORETICAL FUNDAMENTALS OF RADAR 19where Pt is the transmitted power, Gt the gain of transmitting antenna, R radar rangeand σ the radar ross setion (RCS) of the baksattering objet [18, Ch. 1℄. The RCSrepresents the e�etive area with whih the objet aptures and isotropially reradiatesthe inident power. The radar aptures the baksattered power with an antenna havinge�etive aperture ηrA, whih an be expressed in terms of the reeiver antenna gain (Eq.2.2). Now the basi monostati (Gt = Gr = G) radar equation an be written in the form
Pr = Sr · ηr · A =

PtG
2λ2σ

(4π)3R4
. (2.4)In order to be able to estimate the maximum detetion range of a radar several additionalfators must be onsidered. The minimum detetable signal power at the input of theradar reeiver has to be known. It is a funtion of the smallest allowable signal-to-noiseratio of the target return eho (S/N)min and the noise �gure of the system. The minimumsignal power for the target eho an be alulated with

Pmin = kBTsysBn(S/N)min = kB(Tant + (F − 1)T0)Bn(S/N)min, (2.5)where Tsys is the system and Tant the antenna noise temperature [19, Ch. 5℄. The relationbetween Tsys and Tant is only valid in ase a perfet mathing of antenna and reeiver front-end impedanes is assumed. F and Bn are the noise �gure and the noise bandwidth of thereeiver, respetively. The required signal-to-noise ratio depends on the signal proessingmethods utilized in the radar system. The amount of individual pulses that are integratedand the methods with whih the integrations are performed e�et the required signal-to-noise ratio in a omplex way. The �utuations in the RCS of the baksattering objetombined with the several types of losses in the RF signal path further ompliate thepredition analysis of radar range. For one single pulse the radar range equation in itssimple form, having Pr = Pmin, beomes [20, Ch. 3℄
Rmax =

[

PtG
2λ2σ

(4π)3kBTsysBn(S/N)minLatmLx

]

1
4

, (2.6)where the loss fator Latm is the two-way attenuation of the radar signal due to propa-gation through lossy medium and Lx inludes all other lossess that are signi�ant to thealulation of maximum range.2.1.2 PropagationAt millimeter wave frequenies the attenuation aused by moleule resonane of at-mospheri gases is signi�antly larger than at lower frequenies. The lear air attenuationis mainly due to oxygen and water vapor moleules, whih espeially at the viinity oftheir harateristi resonane frequenies absorb and reradiate the signal energy. Thisatmospheri attenuation is a funtion of air temperature, air pressure and the moleuleontent of the atmosphere. The amount of water vapor has the strongest e�et on thevariations of the attenuation value, sine the quantities of other gases remain very stableand have very well known altitude pro�le [21, p. 7℄. The semi-empirial model based onspetrosopi parameters of oxygen and water vapor absorption lines by ITU-R provides



20 THEORETICAL FUNDAMENTALS OF RADARmeans for alulation of atmospheri attenuation [22℄. The resonane frequenies areideally thin and disrete absorption lines due to the quantized nature of the absorptionproess, but as a result of ollisions of the moleules the absorption lines tend to spreadand merge into a one single absorption belt [23℄. This happens for example for oxygenmoleules resonating at frequenies between 50 GHz and 70 GHz. At higher altitudeswhere the air pressure is low, there is a smaller onentration of oxygen moleules, lead-ing to fewer interations between the moleules and the eletromagneti wave. With theourrene of fewer ollisions, individual resonane frequenies are distinguishable andresult in a smaller total attenuation. On the other hand the high onentration of mole-ules at the sea level leads to a high rate of interations between the oxygen moleules andthe eletromagneti wave as well as inreases the interation between individual oxygenmoleules. Due to the high onentration of moleular ollisions, the individual resonanefrequenies are not distinguishable any more. Instead, the width of the lines overlaps andauses higher total attenuation [24℄. The sea-level attenuation plot at frequenies between50 - 70 GHz appears broad and smooth (Fig. 2.1).The radar signal at millimeter wavelengths interats also with larger airborne partiles,suh as rain droplets, snow �akes, ie rystals and dust. These partiles absorb and satterthe energy of the wave. The absorption attenuation of the signal by a lossy medium anbe estimated by introduing a omplex dieletri onstant into the expression of wave

Figure 2.1: Atmospheri attenuation at frequenies 50-70 GHz omputed with the ITU-Rmodel [22℄. The graphs from topmost urve downwards represent the altitudes of 0, 5, 10,15 and 20 km above sea level.
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k = kr + jki = β − jα = Re {ω√µǫ} + jIm {ω√µǫ} , (2.7)where

ǫ = ǫrǫ0 − j
σs

ω
. (2.8)

 Figure 2.2: Rain attenuation model as afuntion of rainfall rate at four frequeniesalulated with the model presented in [25℄.

The imaginary part of the wave num-ber represents the attenuation (α) andit is usually given in units of dB/km.However, the orientations and diele-tri properties as well as the size dis-tributions and densities of the parti-les are usually di�ult to estimate re-liably. Therefore most of the mathe-matial expressions of di�erent hydrom-eteor attenuations are empirial modelsderived from real radar measurementsand they usually are power law fun-tions that best �t the olleted atten-uation data. One example of suhrain attenuation funtions is a modelreated as a result of three individ-ual measurement ampaigns presented in[25℄. The rain attenuation for four fre-quenies as a funtion of rainfall ratebased on the model is plotted in Fig.2.2.The omplex permittivity, and thereforealso the re�etion oe�ient, of soil varies slightly as a funtion of frequeny. The re�e-tion oe�ient of di�erent types of soil is also a�eted by the roughness of the surfae aswell as by the instantaneous moisture ontent and vegetation over of the spei� area[26, pp. 285-287℄. If we assume a relatively �at surfae illuminated at very low grazingangles (φ < 2◦), the power re�etion oe�ient of most typial soil and other types ofsurfaes is approximately one with the eletri �eld experiening a phase hange of 180◦,regardless of the slight loal variations of dieletri properties of the soil substane. Thisapproximation is valid for vertial and horizontal polarizations as an be seen from Fig.2.3, where the power re�etion oe�ients are alulated using Fresnel re�etion oe�-ient equations [27, p. 302℄. The radar waves sattered from a rough surfae undergophase and amplitude hanges whih results in a re�eted �eld that onsists of speularand di�use omponents. The ideal smooth surfae re�etion oe�ient is diminished byspeular sattering oe�ient, whih aording to [28, p. 85℄ is a funtion of standarddeviation of the surfae height irregularity (hrms) and grazing angle (φ), and is given by
ρs = exp

[

−
(

4πhrms

λ
sin φ

)2
]

. (2.9)
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Figure 2.3: The power re�etion oe�ient of di�erent ground types as a funtion ofinidene angle of the wavefront for an ideal smooth surfae. The upper urve in eah ofthe urve pairs represents the TE-mode and the lower the TM-mode.

Figure 2.4: The speular re�etion oe�ient as a funtion of grazing angle and normalizedsurfae roughness (hrms/λ) alulated from Eq. 2.9. For example, when the normalizedsurfae roughness is 1 and the grazing angle is 2◦, the speular re�etion oe�ient is 0.9.



THEORETICAL FUNDAMENTALS OF RADAR 23The behaviour of this oe�ient is plotted in Fig. 2.4, where the ontour lines representthe value of the speular re�etion oe�ient. The total surfae power re�etion is aprodut of two fators: the square of the magnitude of Fresnel re�etion oe�ient andthe square of the magnitude of speular re�etion oe�ient (Γ(h,v) =
∣
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2)[29℄. The vegetation fator should also be taken into aount, but the empirial modelsat millimeter wave frequenies are insu�ient, thus making it very di�ult to be able toreliably evaluate the vegetation e�et. It an be seen in [26, p. 287℄ that at X-band a thingrass an redue the re�etion by 10 dB. Fig. 2.4 learly shows how quikly the speularomponent is deteriorated as the normalized surfae roughness (hrms/λ) inreases. How-ever, at very long radar ranges (∼ R > 100ht) when the grazing angle approahes zero,the speular omponent dominates even though the surfae roughness inreases. Surfaesan be treated as smooth if they satisfy the Rayleigh roughness riterion
2hrms sin φ > λ/4, (2.10)suh as a rough asphalt at mirowave and millimeter wave frequenies having hrms = 0.9mm and a Gaussian distribution [30℄.The geometry of multipath propagation is shown in Fig. 2.5. The geometry is for �atEarth, sine the radar ranges are assumed to be short. The radar antenna and targetelevations are hr and ht, and the target is loated at range R. The radar signal will reahthe target and re�et bak to the reeiving antenna via two paths, Rd and Rr = Rr1+Rr2,reating altogether four di�erent signal paths. For radar appliations, suh as �re or mis-sile ontrol, the primary e�et of multipath is to displae the targets from their orretelevation. In the elevation plane when the grazing angles are very shallow and a speularre�etion ours, the targets appear somewhere between the real target and the image,or even below the ground surfae.The sum of the diret and re�eted signals at the loation of the target is
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. (2.11)The onstrutive and destrutive interferene of the eletromagneti waves aused bymultipath an be desribed with a propagation fator. In general, the propagation fatoris a term used to haraterize wave propagation when free spae onditions are not met.In ase of a nearly horizontally looking radar the multipath propagation e�ets dominatein the formation of the propagation fator. The one-way propagation fator, the so alledpath gain fator, for the multipath propagation onditions of Eq. 2.11 is
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∣ , (2.12)beause Rd/Rr ≈ 1. Using the geometry of Fig. 2.5 and trunated binomial seriesexpansion (assuming R ≫ hr, ht) the range di�erene an be written as [31, pp. 295-298℄
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.
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Figure 2.5: The geometry of multipath propagation, a �at Earth approximation.Furthermore, for a smooth surfae the produt of Fresnel- and speular re�etion oe�-ients at very small grazing angles (φ ≤ 2◦) of the multipath signal from the surfae is -1.Substituting this oe�ient and the result of Eq. 2.13 into Eq. 2.12 yields
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. (2.14)Using reiproity of the multipath propagation geometry, the power at the radar an bealulated by multiplying the radar equation (Eq. 2.4) with the fator F 4. Sine the sinefuntion (Eq. 2.14) varies between 0 and 1 depending on the phase di�erene between thediret and re�eted signal paths, the signal power arriving to the radar will vary between0 and 16. Taking into aount the fourth power relationship between the target rangeand the eho signal power, the radar range varies between 0 and 2 times the range of thesame radar in free spae due to multipath propagation fator. Thus, the presene of aonduting �at ground plane auses the radar elevation beam to break up into a lobedstruture. If a target is in the lobe, it will ideally be deteted at twie the range than infree spae, whereas preisely in between the lobes it theoretially will not be deteted atall. When the distane between a target, having a onstant altitude, and a radar hanges,the target passes through a number of lobes. The resulting power variation as a funtionof range is depited in Fig. 2.6. When the range from the radar is inreasing, the lastmaximum of the fator F 4 ours at range RT = 4hrht/λ, whih is alled the transitionrange [32, pp. 40-41℄. Beyond that range the reeived power is proportional to R−8, andthe basi form of radar equation (Eq. 2.4) an be approximated with
Pr =
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4, (2.15)by using sin x ≈ x for small x in Eq. 2.14. The transition range inreases rapidly when thealtitude of either the radar antenna or the target is elevated. In the example of Fig. 2.6the altitudes of the target and the radar relative to eah other are unfavorable, and there-fore the transition range is only RT = 2100 m. In pratial situations the non-uniformvegetation and the urvature of the Earth that diverges the rays ause unontrollablevariations in the propagation fator, thereby making the maxima and minima less intense.
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Figure 2.6: The reeived power variation of a onstant altitude target as a funtion ofrange ompared to free spae propagation. In this 35 GHz radar example hr = 3 m, halfof the total target height ht = 1.5 m and the power level is normalized so that the valuesare relative to the power level at R = 100 m. After the transition range the power level isproportional to R−8.2.1.3 Disussion of radar ross setion and far-�eld riterionRadar targets are desribed with a term radar ross setion (RCS), whih in monostatiradar operation relates the amount of power that hits the target to the amount of powerthat is re�eted bak into the radar reeiver. RCS an be generalized also for bistatioperation (see paragraph 2.2.3). The RCS is a range independent harateristi featureof a target only when the target is in the far �eld of the radar antenna, whih an be seenfrom the theoretial de�nition of RCS:
σ = lim

R→∞
4πR2

(

Pr

Pi

)

, (2.16)where Pr and Pi are the baksattered power at the radar reeiver and the inident powerat the target, respetively. By de�nition, the far-�eld ondition for RCS is ditated by thepreision with whih the �eld inident on the target is required to approximate a planewave in phase behaviour. The transverse phase deviation of the inident �eld must bewithin a spei�ed tolerane, whih traditionally has been set to be equal or less than 22.5◦aross the illuminated area. Based on this value the far-�eld ondition is ful�lled when
R ≥ 2D2/λ. In pratie it is ommon to have a situation where the antenna is muhsmaller than the target, at whih time it is possible to de�ne the far-�eld ondition basedon the maximum dimension of the target rather than the antenna. At millimeter wave



26 THEORETICAL FUNDAMENTALS OF RADARfrequenies the far-�elds of many targets, suh as ground vehiles and airrafts, may bein the order of tens of kilometers. The impat of the huge target far-�eld riterion on theRCS measurement auray is demonstrated in the following disussion. If we onsider atarget to be a ylinder with length L viewed from broadside, the redution in observedRCS due to a phase taper aross the target ompared to the real (far-�eld) RCS is [33℄
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, (2.17)where C(x) and S(x) are the Fresnel osine and sine integrals. The result of this equationis shown in Fig. 2.7 for a ase of L/λ = 500. The graph illustrates, that for a speulartype satterer with its largest dimension exeeding that of the radar antenna the phasetapering aross the target results in a several deibels deviation of the measured RCSfrom the far-�eld RCS unless the far-�eld ondition is determined based on the target's�aperture�.Most of the real targets at millimeter wave frequenies have their dimensions muh largerthan the wavelength (L > 500λ) and they an be thought of as onsisting of a great numberof individual satterers. Therefore the RCS of a target is highly dependent on the aspetangle, and it is typial for the RCS measurement data to have irregular maxima andminima with narrow lobewidths. One goal of RCS measurements of a spei� target is toobtain some key �gures that haraterize the visibility of a target at a ertain wavelength.One of these �gures is the average RCS of the target. Beause of averaging, there is noneed to preserve the preise phase oherene between the individual satterers. Thereforethe most important fator that determines the average RCS measurement auray is theamplitude tapering aross the target. It was found in [34℄, that when a large target isilluminated with a narrow radar beam, the resulting amplitude tapering aross the targetaused larger error than too small range (R < 2L2/λ). It was shown in [33℄, that for athin and long target with its main axis perpendiular to the normal of the antenna beam,and the density of the individual point satterers obeying a uniform distribution on thetarget length, the ratio of the observed average RCS to the true average RCS of a targetis
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2 dx. (2.19)The term θ3dB is the 3 dB beamwidth of a Gaussian shaped antenna main beam. TheEq. 2.18 is plotted in Fig. 2.8 for di�erent Rθ3dB/L -ratios. The minimum aeptablemeasurement range for a partiular target an be determined with Eq. 2.18, when thetarget length and the radar beamwidth are known.



THEORETICAL FUNDAMENTALS OF RADAR 27

Figure 2.7: The redution in measured RCSdue to a phase taper aross the target om-pared to the real (far-�eld) RCS for a ylin-der with L/λ = 500 [33℄. The far-�eldrange is marked with Rfar. Figure 2.8: The ratio of the measured aver-age RCS to the true average RCS of a thinand long target with main axis perpendiu-lar to the radar [33℄.
2.2 Types of radarsRadar systems are often sorted into di�erent ategories aording to their spei� funtionand installation platform. These inlude for instane surveillane, navigation, �re-ontroland imaging radars, whih an be ground based, naval, airborne or even spaeborneappliations. Beause radars observe the environment within the onstraints of frequeny,polarization and illumination geometry of the emitted eletromagneti waves, they analso be further lassi�ed by their harateristi features into i.e. short-range, polarimetrior phased array radar lasses. Nevertheless, it is ustomary to divide the di�erent radarsystems into two major ategories based on the waveform they use, regardless of thespei� funtion of the radar. The two ategories are ontinuous-wave (CW) and pulsedradar. The illumination arrangement and geometry in use further yields to monostati,bistati or even multistati system.2.2.1 CW radarsA basi CW radar (Fig. 2.9) employs a ontinuous transmission that results in a on-tinuous eho signal from the objets within the illuminated volume. The long availableintegration time of the CW waveform radars allows to use low power transmitters, sinethe peak power is almost equal to the average power. Therefore CW radars possess lowprobability of interept (LPI) features, sine they are di�ult to detet by intereptingdevies. Beause of the simultaneous transmitting and reeiving operation of a CW radar,the separation of the weak eho signal from the strong transmitted signal must be basedupon the Doppler frequeny shift produed by moving targets. The detetion of stationary



28 THEORETICAL FUNDAMENTALS OF RADARtargets is almost impossible beause of lutter ehoes and leakage from the transmitterinto the reeiver. To avoid the CW reeiver from being saturated by it's own transmitsignal, a re�eted power aneller (RPC) is used to suppress the zero Doppler signal inthe reeiver path [35℄. However, due to FM noise sidebands of the transmitted signal,targets with a low radial veloity (<0.5 m/s) are lost as well. Exellent isolation prop-erties of an RPC have been demonstrated up to X-band, but it is di�ult to implementan RPC at millimeter wave frequenies due to the omplex nature of the design and theneed for high preision vetor modulator [36℄. Without additional �ltering, the ahievableisolation between transmitter and reeiver is only 20-30 dB for CW radars with a singleantenna using a ferrite irulator as a duplexer. In short-range, low-power solutions the20-30 dB dynami range in the power budget may be enough, but in order to improvethe sensitivity of the radar system separate transmission and reeive antennas must beused. This may prevent the use of CW radar on small-sale moving platforms due to theinreased size and weight assoiated with having two antennas.

Figure 2.9: A blok diagram of a simple homodyne frequeny-modulated CW radar using asingle antenna for transmitting and reeiving. A sample of the LO signal in this diagramis fed to the reeiver with a diretional oupler, but in many pratial appliations wherethe RPC-tehnique has not been implemented, the LO signal is diretly fed to the reeiverthrough the irulator. These systems are referred to as autodyne [37, p. 16℄.Besides low power transmitters, the primary advantage of CW radar is the ability toperform unambiguous Doppler measurement. On the other hand the target range mea-surements are entirely ambiguous sine the ontinuous nature of the radar waveform doesnot permit aurate estimation of unique range information. This limitation an be over-ome by adding timing marks into the transmission, whih is usually realized by hangingthe frequeny of the transmitted signal in a predetermined way. Suh a radar is alledfrequeny modulated CW (FMCW) radar. The modulating frequeny is usually sweptin a linear fashion, following a periodi triangular or saw-tooth waveform [38℄, but othermodulation shemes, suh as sinusoidal frequeny sweep or frequeny shift keying (FSK),have also been used. The frequeny deviation and modulation period have a diret e�eton the range and doppler resolution as well as on the bandwidth requirements of thehardware. When dereasing the deviation of the modulating signal the requirement ofhardware bandwidth is also dereased and thus soures with lower phase noise are avail-able. On the other hand in this trade-o� the range resolution gets worse as well [39℄. In



THEORETICAL FUNDAMENTALS OF RADAR 29future vehiular radar appliations, suh as ollision avoidane and autonomous drivingsystems, the simultaneous target range and veloity measurement with high resolutionand auray is required also in situations when multiple targets are present. To meetthese requirements with traditional FMCW waveforms would lead to unaeptably longmeasurement times. Therefore, more sophistiated waveforms have been proposed [40℄,whih supports the dominating position of FMCW radar as a tehnologial solution forvehiular radar also in the future.2.2.2 Pulse radarsA majority of all surveillane, navigation and weather radars are pulse radars that usea waveform onsisting of repetitive short-duration pulses (Fig. 2.10). Due to the shortduration of the transmitted RF energy the peak power of the transmitter must be kepthigh. The typial duty yle of pulse radars (<1%) results in smaller average transmittedpower than in CW radars.

Figure 2.10: A simpli�ed blok diagram of a pulse radar.The pulse repetition frequeny (PRF) is the rate, in pulses per seond, with whih theRF pulses are sent. To avoid range ambiguity, the PRF must be suh that the ehoesfrom the expeted maximum distane are allowed to return to the reeiver before thenext pulse is transmitted. If the PRF is set to orrespond the desired radar overage, therange determination is performed by measuring the time delay of the eho with respetto the transmitted pulse. In oherent radar systems the PRF represents also the rateat whih the radar takes samples of the phase of the eho pulses, hanges arising fromthe relative motion of the radar and the target [41℄. To keep the veloity measurementunambiguous, the maximum allowable phase shift between suessive pulses is ±π rad,whih orresponds to a Doppler frequeny of
fD = ±PRF/2 (2.20)and radial veloity of

vD = ±PRF · λ/4. (2.21)Therefore the Doppler shifts generated by most airborne targets are folded down intothe insu�ient Doppler frequeny band of typial long-range surveillane radars, and the



30 THEORETICAL FUNDAMENTALS OF RADARtrue radial veloity information is lost. The seletion of suitable PRF is not only a hoiebetween unambiguos range and veloity, but it depends also on the desired veloity res-olution and sanning method of the radar. Sine the detetion propability of a singlepulse is rather low, integration of suessive target ehoes is performed in all pratialradar appliations. Ideal oherent integration of n pulses inreases the signal-to-noiseratio by the fator of n [42℄. Beause the number of pulses available for integration isa funtion of PRF and target illumination time, the seletion proess of radar antennasanning speed and PRF is a ompromise between several requirements. The dilemma isillustrated in Fig. 3 of [P6℄. A ommon pratie to unfold the aliased Doppler frequeniesor to ope with multiple-time-around ehoes is to use PRF staggering [43℄. The hangingof the pulse repetition interval on a pulse-to-pulse basis (or in larger groups) in a regu-lar pattern provides means to solve the unambiguities in range or veloity measurement[44, 45℄. In radars using the moving target indiation (MTI) -�ltering tehnique the PRFstaggering pushes the �rst null of the MTI-aneler further in the veloity response urvethus improving the detetion probability [46℄.The detetion apability of a pulse radar depends on the energy transmitted in the radarpulses. Transmitting longer pulses inreases the average transmitted power, but at thesame time degrades the range resolution of the radar. The inreasing of the averagetransmitted power an be aomplished without ompromising the range resolution bymodulating the radar pulses. Sine the range resolution depends on the bandwidth ofthe pulse, a tehnique alled pulse ompression is widely used in pulse radars to inreasethe bandwidth of transmitted pulses [47, p. 530℄. A great number of pulse ompressiontehniques has been developed, of whih linear frequeny modulation and binary phaseoding are most widely used [48, 49℄. In the radar reeiver the eho pulses are ompressedin the time domain by orrelating the reeived signal with a replia of the transmittedpulse, resulting in a �ner range resolution than would be ahieved with an unmodulatedpulse. The main drawbak in the use of pulse ompression is the appearane of rangesidelobes around the main signal peak, whih ause overspilling of target eho power intoadjaent range gates [50℄. In addition to the amplitude masking aused by the rangesibelobes, they also ontaminate the phase information of the signal in the range gatesthey fall in.2.2.3 Monostati, bistati and multistati on�gurationsIn previous setions desribing the CW and pulse radar it was assumed that the transmit-ter and reeiver share a ommon antenna, forming a monostati radar system. A bistatiradar onsists of separately loated transmitting and reeiving sites, and a multistati sys-tem may have several transmitters and reeivers loated at onsiderable distanes fromeah other (Fig. 2.11). Most of the measurements presented in this thesis are made witha monostati radar.Bistati radar systems have been studied and built sine the earliest days of radar, andin fat the very �rst radars were based on bistati on�guration, beause devies suh asferrite irulator or T/R swithes were not available yet. However, when more sophisti-ated means of ahieving signal isolation between the transmitter and reeiver emerged,the researh and development of bistati radar has redued, and the main fous has been
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Figure 2.11: Radar illumination geometries: monostati (left), bistati (enter) and mul-tistati (right) on�guration.on monostati radars. Nonetheless, the geometry of bistati radar generates a number ofadvantages that a monostati radar is unable to provide [51℄.The operation of a bistati radar is de�ned by a oordinate system on a plane ontainingthe transmitter Tx, reeiver Rx and the target [52℄ (Fig. 2.12). The onentri ellipseswith foi at reeiver and transmitter loations represent the isorange ontours and thehyperbolas the onstant time-di�erene of arrival (TDOA) ontours of a bistati radarsystem (Fig. 2.13). In a multistati network the azimuth angle of a target (θR) as seenfrom a reeiving site is provided by the diretive reeiver antenna. The target-to-reeiverrange is more ompliated issue that has to be solved from the bistati triangle. Toaomplish this the baseline length (L) and the range sum (Rt + Rr) have to be known.The solution of the target-to-reeiver range is of the form [P8℄
Rr =

(Rt + Rr)
2 − L2

2(Rt + Rr + L sin θR)
. (2.22)In order to be able to alulate the range Rr it is neessary to provide some form ofsynhronization between the transmitter and reeiver [53℄. Several synhronization teh-niques are available, of whih a able or �ber link is the most aurate alternative. A ableonnetion, however, is not suitable for mobile bi- or multistati radar networks, and theymust instead establish the timing referene through diret radio, optial onnetions orvia satellite link [54℄. A radio onnetion is the most feasible solution for mobile multi-stati radar systems, beause the use of a satellite link makes the radar dependent on anexternal system and the use of optial synhronization requires uninterrupted line-of-sightbetween transmitter and reeiver.Despite of the hallenge in the tehnologial solution of proper synhronization method,the transmitting and reeiving systems of bistati radars are potentially simple and heap.Moreover, the reeiving sites in a multistati network are passive and hene undetetableby means of eletroni support measures (ESM). Bistati on�guration may also possessa ounterstealth apability, sine target shaping spei�ally designed to redue the mono-stati RCS will not in general redue the bistati RCS. The bistati radar equation is
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Figure 2.12: The bistati oordi-nate system. The bistati trianglein this �gure is shown in a north-referened oordinate system. Figure 2.13: The isorange ontours (onentri el-lipses) and time-di�erene-of-arrival (TDOA) on-tours (onentri hyperbolas) on the bistati plane.
derived in the same manner as the monostati radar equation (2.15), yielding:
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r . (2.23)The bistati radar equation shows, that the bistati RCS has the same e�et on thereeived power level than the baksattered RCS in monostati on�guration. Theforeit is bene�ial for multistati radar networks, that the bistati sattering oe�ient ofland lutter at moderate bistati angles (20◦ < β < 120◦) is generally redued from thevalue of baksattering diretion. Although low grazing angle measurements of lutterbistati sattering oe�ients have not been extensively reported in literature, the fewmeasurement ampaigns desribed in [55℄ show a maximum derease in the order of 10dB in land lutter relative to the monostati value. In addition to that, the illuminatedlutter ell area at small grazing angles (φ ≤ 2◦) in bistati geometry is smaller than inmonostati ase approximately by a fator of ∼ cos2(β/2). This ombined with the smallground sattering oe�ients redues the reeived ground lutter power levels 5-15 dBthereby making the signal-to-land lutter ratio of bistati radar system equal or betterthan in monostati radar system.2.3 Basi signal proessing issuesRadar signal proessing is a �eld that overs numerous tasks ranging from traking al-gorithms to antenna sidelobe anelling. One of the main purposes of a radar signalproessing unit is to extrat the desired targets from raw radar eho signals. These radar



THEORETICAL FUNDAMENTALS OF RADAR 33targets must be deteted against the noise and lutter bakground, whih will vary withrange, antenna bearing angle and time. The detetion algorithms are based on the ampli-tude and phase information of the reeived signal, and depending on radar hardware alsopolarimetri properties an be utilized. The detetion proess onsists of two main tasks:a �ltering stage where noise and lutter interferene is suppressed, and a detetion stagewhere the deision onerning the presene of a target is made. Although this thesis doesnot spei�ally deal with radar signal proessing, in the following some elementary issuesonerning radar detetion will be brie�y disussed.For a moving ground-based or airborne radar the hanges in lutter re�etivity and sta-tistial behaviour are ontinuous and rather unpreditable, whereas for �xed radars theknowledge of the surrounding lutter environment an be used as a subsdiary tool for tar-get detetion, as for example in a form of a frequently updated spatial lutter map [56℄.When onsidering the detetion performane of a radar, the amplitude of baksatteredlutter eho an not be given a unique value, as it depends on the spei� RCS and phaseassoiated with individual satterers within the illuminated area or volume. Thereforethe amplitude behaviour must be desribed statistially.Commerially available modern oherent radars employ quadrature detetion to reatetheir baseband signals. After quadrature detetion, the signal onsists of bipolar in-phaseand quadrature-phase signals, the so alled I- and Q-hannels. The probability densityfuntion (pdf) of radar signal amplitude is omposed from unipolar envelope signal [57℄,whih orresponds to the magnitude of the phasor vetor whose omponents the twoquadrature hannels are. The radar signal vetor in I/Q-plane is a vetor sum of allbaksattered signals from a given resolution ell plus thermal noise. Therefore, depend-ing on the relative amplitudes and phases of the signals, the desired target signal mayour anywhere in the I/Q-plane within the onstraints of the dynami range of radarvideo voltage. The detetion threshold should be set to provide an aeptable level offalse alarms and maximize the probability of detetion [58℄. The relationship betweenprobability of false alarm (Pfa) and probability of detetion (Pd) and their dependeneon the probability density funtions of target ehoes and noise is illustrated in Fig. 2.14.A false alarm ours when signal voltage (u) exeeds the threshold voltage (UT ) whennoise alone is present in the reeiver. The reeiver noise is assumed to be Gaussian due toits thermal nature. When it is passed through a narrowband �lter, the pdf of the envelopeof the noise voltage output an be shown to follow a Rayleigh probability density funtion.Therefore the probability of false alarm an be determined by integrating the pdf:
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∞
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, (2.24)where Ψ2 is the variane of noise voltage [59℄. The probability of detetion is de�ned inan analogous manner, being the probability of a signal exeeding the threshold voltage ina ase a target is present at the resolution ell. Assuming a non-�utuating target withan amplitude of at, the probability of detetion an be found by integrating the Riean
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Figure 2.14: A graphial example of the relationship between probability of false alarmand probability of detetion. Probability density funtions for one pulse are shown withdotted line and for �ve integrated pulses with solid line. The noise alone follows Rayleighdistribution whereas a non-fading target eho, whose average signal-to-noise ratio is 11 dB,and Rayleigh distributed noise together are haraterized with a Riean pdf. The voltagethreshold was initially set for one pulse to provide Pfa = 10−2 and Pd = 0.90. Afterintegration the detetion performane was inreased to Pfa = 2 · 10−6 and Pd = 0.98.distribution funtion
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du, (2.25)where I0(x) is the modi�ed Bessel funtion of the zero order and the threshold voltage is
UT =
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2Ψ2 ln(1/Pfa) [60℄. The equation of Pd an not be be evaluated in a losed form,and therefore numerial tehniques or a series approximation must be used. The equation(2.25) an be desribed with a Marum Q-funtion:
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. (2.26)The generalized Marum Q-funtion of order 1 is de�ned by the integral [61℄
Q(α, β) =

∞
∫

β

ζI0(αζ)e−(ζ2+α2)/2dζ. (2.27)In Fig. 2.15 the detetion probability is plotted as a funtion of single pulse signal-to-noiseratio for several false alarm probabilities. The graph was reated by using an algorithm
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Figure 2.15: The probability ofdetetion as a funtion of singlepulse signal-to-noise ratio withprobability of false alarm as aparameter. Pratial radars re-quire a performane of at least
Pfa > 10−6 and Pd > 0.95,whih orresponds to a mini-mum single pulse (S/N) > 13.65dB. It is not possible to ahievethe required (S/N) in all situa-tions, and therefore integrationof pulses is arried out in allpulsed radar systems. The graphwas omputed by using a numer-ial algorithm [61℄ for Equation(2.26).for numerial omputation of Eq. (2.26) presented in [62℄. Figure 2.15 illustrates theneed for pulse integration in order to ahieve the desired levels of Pfa and Pd, whih formost of the pratial radar appliations an not be ahieved just by deteting a singlepulse. The pdf of eho signals will be modi�ed by the integration proess (see Fig. 2.14).For n independent identially distributed variates the pdf of their sum after non-oherentintegration is an n-fold onvolution of the single pulse pdfs [63℄. For thermal noise thesamples from pulse to pulse are assumed independent, but in ase of lutter the suessivepulses are often orrelated [64℄. Therefore, in order to obtain independent samples fromlutter ehoes, the deorrelation times of spei� lutter types should be known to adjustthe integration time aordingly [65℄. Furthermore, the equation (2.25) above assumes anon-�utuating target eho during the integration period. However, it is obvious that theRCS of any moving target will have temporal �utuations as the target's yaw angle asseen by the radar hanges.To properly aount for target and lutter �utuations, both the probability density fun-tions and the orrelation properties with time must be known for a partiular target andlutter type. Ideally, these harateristis should be measured for di�erent targets andtarget trajetories, but suh measurement ampaigns are not easily realizable. A morepratial approah has been to formulate a reasonable model for target �utuations andto analyse the e�ets mathematially. The radar ommunity has widely aepted the four�utuation models proposed by Swerling [66℄ already in 1960 to desribe the RCS behav-iour of man made targets. For lutter baksattering, on the other hand, there are nomodels that are widely appliable for di�erent situations, despite of the numerous mea-surement ampaigns desribed in the literature [67, 68, 69℄. The empirial models basedon atual measurement data have not provided reliable desription of low grazing angle



36 THEORETICAL FUNDAMENTALS OF RADARlutter above X-band. Furthermore, the semi-empirial models based on measurementdata olleted at one plae fail to desribe the lutter behaviour in another geographialloation. Therefore lutter baksattering measurements have to be onduted separatelyfor di�erent radar types and lutter environments. Still, the empirial models are basedon average onditions and are developed to enable average radar performane estimationsand omparisons between di�erent signal proessing methods. On a given day of radaroperation the onditions an vary signi�antly from the average preditions. Moreover,when trying to derive an exat relationship between false alarms and detetion probabilityone needs to bear in mind that the disturbing e�et aused by false alarms depends onthe radar appliation. In systems, where the radar data is rapidly updated (the sanningrate and/or the sanning geometry is suh that the target area is illuminated tens or evenhundreds of times every minute) the false alarms an be eliminated by simply orrelatingthe data from suessive sans thereby making the single san false alarm probabilityrequirements less severe. Also depending on the level of automation the needs onerningfalse alarm rate may be very di�erent from radar to radar. Human observer is muh moretolerant against false alarms than an automati algorithm [70℄.As an be found from Fig. 2.15, the probability of false alarm is very sensitive to the set-ting of the detetion threshold voltage. In pratial situations the nonstationary lutterbakground means that a �xed detetion threshold is not useful and therefore adaptivetehniques are required to maintain a onstant false alarm rate (CFAR) in all irum-stanes [71℄. There are several di�erent implementations of onstant false alarm rate

Figure 2.16: An illustration of the onstant false alarm priniple depited in an A-typeradar display. In this ase only Gaussian noise and one target are present, and a thresholdof desired probability of false alarm is set aording to Rayleigh pdf. In ase the signallevel would rise, a new threshold would be estimated loally for eah range gate. In thisase the seleted value of Pfa is too low, allowing for two false alarms to our.



THEORETICAL FUNDAMENTALS OF RADAR 37proessors [72℄, whih all establish a detetion threshold by estimating the harateris-ti features of referene ells surrounding the atual ell under test, see Fig. 2.16. ACFAR proessor operates by examining a window of range- or ross-range ells or an areaaround the test ell. Usually CFAR proessing is applied for signal amplitude, but similarmethods an also be employed in onnetion with Doppler frequeny or even polarization�ngerprints [73, 74℄.A ell averaging CFAR is an adaptive proedure that estimates the lutter mean levelaround the test ell. It assumes that the lutter is uniformly distributed and that the ref-erene ells are good representatives of the loal lutter level. For air surveillane radarsthese assumptions are not a problem as the area around an airraft is generally empty,and good bakground statistis an be obtained [75, pp. 494-497℄. However, for groundtargets a uniform lutter situation within the referene window is hardly ever maintaineddue to sudden hanges in lutter harateristis. This is made worse by the fat thatground vehiles often hide at the edges of lutter boundaries to redue the probability ofdetetion. In order to redue the strong and non-uniform lutter while maintaining a on-stant false alarm rate, several CFAR proessors have been developed in whih the lutterstatistis are modeled as Pearson [76℄, Weibull [77℄, log-normal [78℄ and K-distributions[79℄. These detetion shemes are suitable for traditional mirowave radars up to X-band,but for millimeter wave radar there are no reports of e�etive CFAR solutions. When thewavelength of the radar signal approahes the dimensions of the subsatterers, the lutterehoes beome more spiky and the spatial intensity variations between resolution ellsan be as high as 20-30 dB. This kind of lutter behaviour at millimeter wave frequen-ies makes the use of CFAR-type of algorithms more hallenging than at lower frequenies.In addition to the amplitude information of a radar signal, a oherent radar an also utilizethe phase information. The signal proessing methods that use the phase information anoperate parallel to the amplitude-based tehniques, and the outputs of the two proessingpaths an be orrelated to give the �nal detetion deision. If suh parallel proessing hasnot been implemented into a radar system, the phase information is usually treated �rst.

Figure 2.17: Normalized frequeny response of a three pulse MTI-aneller (delay lineoe�ients [1 -2 1℄, see Eq. (2.28)) on an I-Q -plane (left) and frequeny-plane (right).



38 THEORETICAL FUNDAMENTALS OF RADARThe two methods that are able to disriminate moving targets from stationary objets aremoving target indiation (MTI) and Fast Fourier Transform (FFT)-based Doppler �lterbank [80℄. MTI is based on the fat that the lutter spetrum is typially onentratedaround DC and multiple integers of the radar PRF. Therefore the stopband of an MTI-�lter should be seleted so that the lutter power from stationary ehoes is attenuatedto desired level and on the other hand so that the elimination of slow veloity targets isminimized. A basi three pulse aneler impulse response is given by
h(t) = δ(t) − 2δ(t − 1/PRF ) + δ(t − 2/PRF ), (2.28)where δ(t) is the delta funtion. The respetive frequeny response is shown in Fig. 2.17.In the FFT-based Doppler proessing method a spetral analysis of the return ehoes isperformed for eah range ell. The radar signal is analyzed by applying the fast Fouriertransform, whih performs a sophistiated oherent integration of suessive ehoes. Con-trary to MTI-proessing, in Doppler proessing the entire frequeny information is pre-served, whih allows target detetion also in irumstanes where the radar resolution ellis oupied by both the target and volume lutter having a non-zero radial veloity. Thedi�erene in output information of MTI and Doppler proessor is illustrated in �gure 2.18.As this illustrative example shows, FFT-proessing does not make �deisions� onerningdetetion, sine it preserves all information, whereas MTI may aidentally anel outslowly moving or veloity aliased targets that fall on the stopband.

Figure 2.18: Top left is a snapshot ofunproessed radar data from a situationwhere two targets are buried within lut-ter. Top right is a �gure where the datahas been passed through an FFT-proessorand eah resolution ell has been assignedwith a Doppler frequeny value. The lut-ter Doppler veloity is lose to zero. Bot-tom left represents a situation after MTI,where lutter has been removed and thetwo targets are left along with a few lutterspikes that have partially passed the �lter.



3 Millimeter wave testinstrumentation radarIn order to be able to evaluate millimeter wave radar operation in real environmentalonditions and to empirially study the lutter bakground at millimeter wave frequenies,several di�erent instrumentation radars were designed and onstruted during the thesiswork. In this hapter some design outlines and alibration issues are disussed and aV-band instrumentation radar is presented in more detail.3.1 Design outlines due to �eld test requirementsFor pratial reasons, one of the main requirements for the design and onstrution of theinstrumentation radar systems was resistane against severe weather onditions at the testsites. A �xed test station ould not be onsidered due to the desire to be able to meetdi�erent kinds of environments (terrain pro�le, vegetation) as well as have an ability tomake RCS-measurements in a �exible manner. Therefore, the radar hardware had to bedesigned to withstand all weather onditions without any shelters or additional heating.Furthermore, for some of the test systems a possibility for unattended operation and datareording over long time periods had to be taken into aount. Meaningful reordings overlong periods of time extended the reliability requirements to over also the data loggingsystem. Proper test sites for prolonged operations, in whih unwanted human interfereneould be minimized, were not always equipped with reliable power soures, and the sur-vivability of radar hardware and data logging system in ase of temporary loss of primarypower had to be ensured. Furthermore, due to lak of proper sheltering and guardingat the test sites, the possibility of equipment loss or damage ould not be exluded andtherefore expensive millimeter wave laboratory instruments were out of question.Portability was another key fator in the design of the test instrumentation radars. Manymillimeter wave instrumentation radars presented in literature seem to be rather large,and therefore only limited mobility between interesting loations is available with thesesystems [81, 82℄. To ensure �exible mobility, the radar system as well as all neessaryequipment was required to �t inside a regular station wagon ar. Some of the remote testsites were not reahable by ar, so in order to set up the equipment into a desired loationthe radar had to be arried by hand for the last tens or hundreds of meters. Therefore thesize and weight of the hardware had strit requirements. Fortunately these requirementsould be met, sine reent advanes in modern millimeter wave ommuniation systemsand the related development of ost-e�etive semiondutor devies enabled a rather om-pat design.Keeping in mind the de�nite requirements related to portability and expeted weatheronditions as well as the estimated budget, the desired radar performane �gures were39



40 MILLIMETER WAVE TEST INSTRUMENTATION RADARoutlined. The intended use of the di�erent test radar systems involved baksatteringmeasurements of surfae and volume lutter, researh work onerning millimeter waveradar signal propagation and an ability to arry out RCS measurements. A suitable an-tenna for these tasks should have its beamwidth in the order of one degree, whih wouldbe in good agreement with a true operational radar. Due to the researh nature of theradar system there was no need to implement any kind of sanning ontrol or eletrialsteering funtion. The mehanial struture of the radar mounting pedestal was designedto be �rm and stable to ensure onsistent illumination of a seleted area as well as toenable preise alignment of the antenna main beam even without servo ontrol.The pulse repetition frequeny was designed to be adjustable from very low values upto 100 kHz. The wide PRF seletion range would allow to use values orresponding todi�erent kinds of operational modes of millimeter wave radars, ranging from very highupdate rate systems intended for nearby environment monitoring tasks to long rangesurveillane systems. The PRF seletion also has an impat on the unambiguous Dopplerrange of the test instrumentation radar. The adjustment option made it possible to set thePRF aording to the antiipated Doppler-frequenies during the spei� testing period.The �exibility was further added by making the transmitted pulse width seletable withinthe IF bandwidth limits as well.3.2 Optimization of beam shape and pulse widthBy de�nition it is assumed that an objet with a spei� radar ross setion is a pointtarget from the viewpoint of the observing radar. Therefore it is not pratial to use radarross setion when dealing with surfae or volume lutter, beause in most operationalsituations the radar instantaneously illuminates the vast lutter soures in suh a way,that the radar range ell (volume) or the ross setion of the antenna beam is ompletely�lled with e.g. rain or land. Therefore the baksattered lutter power is dependent on thespei� radar antenna beamwidth and pulse width. To overome the system dependentde�nitions surfae lutter is haraterized by surfae re�etivity per illuminated area, thesattering oe�ient σ0:
σ0 = σ/Ac, (3.1)where the illuminated area Ac is a funtion of radar antenna beam shape, pulse widthand grazing angle. In typial ground-based radar geometry the antenna beam footprinton the surfae in range diretion exeeds the projeted range resolution (set by the pulsewidth) of the radar. This situation is de�ned to be a pulse-limited illumination geometry,and the reeived power for suh a ase is [83, pp. 752-753℄:
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, (3.2)where p(t) is a weighting funtion that aounts for pulse shape variations and g(θ)antenna beam shape variations. For beamwidths in the order of 1◦ and pulse widths lessthan a few hundred nanoseons the variations of σ0 and R4 an be assumed to be negligibleaross the illuminated area [84℄. Furthermore, if a radar in use has its unmodulatedpulse shape approximately retangular (the rise- and fall-times of the pulse being short),



MILLIMETER WAVE TEST INSTRUMENTATION RADAR 41the pulse shape weighting funtion equals unity. Therefore the illumination integral isexpressed solely by the gain variation in aross-range diretion. From the illuminationgeometry one an derive an approximation for the area of the instantaneously illuminatedradar footprint at small grazing angles (φ < 10◦) to be [68, pp. 42-43℄
Ac =

1

2
cτRθ3dB,az sec φ. (3.3)The notion of using 3 dB antenna beamwidth is a traditional way to desribe radar illu-mination. This obviously results in 6 dB power level redution at the edges of the radarfootprint ompared to beam maximum, and espeially small targets situated at footprintedges are buried under the thermal noise �oor. If we hoose to de�ne the illuminatedarea by using 1.5 dB antenna beamwidth points instead, the two-way power fallo� fromthe edges of the footprint is redued to 3 dB. The respetive redution in the illuminatedarea orresponds more properly to the atual e�etive beam area from whih the majorityof the baksattered power originates. The di�erene between using 1.5 dB beamwidthinstead of traditional 3 dB points when measuring uniformly distributed lutter is wellbelow 2 dB.A paraboli antenna mainlobe pattern follows a cos2-funtion (Fig. 3.1). By solvingthe illumination integral, a beam shape orretion fator 1/α to aount for nonuniformbeamwidth illumination an be alulated. By hoosing the orretion fator to orre-spond with the 1.5 dB beamwidth, a relation between orretion fator and illuminationintegral an be written as:
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. (3.5)With these de�nitions the sattering oe�ient in pulse-limited geometry at small grazingangles (φ < 10◦) is
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1.5dB , (3.7)where a paraboli antenna with equal azimuth and elevation beam patterns is assumed.From this the expression for the sattering oe�ient in perfetly perpendiular illumina-tion geometry is

σ0 =
256π2R2Latmα2

G2λ2θ2
1.5dB

(

Pr

Pt

)

. (3.8)



42 MILLIMETER WAVE TEST INSTRUMENTATION RADARFigure 3.1: The width of theradar footprint at aross-rangedimension is de�ned by the 1.5dB points of the mainbeam. Aorretion fator is alulatedwith the illumination integral toaount for the nonuniform il-lumination. The shaded ar-eas 1 and 2 are equal. Asa result of the orretion fa-tor the e�etive footprint areafor beamshapes following os2-funtion an be alulated usingthe 1 dB points.A volumetri resolution ell for a paraboli antenna with equal azimuth and elevationbeam patterns is obtained by multiplying Eq. (3.7) with cτ/2 [67℄, resulting in volumetrisattering oe�ient equation:
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. (3.9)A radar system should be designed to give a reasonable ombination of thermal noiseperformane, lutter redution, spatial resolution and tolerane against jamming. Thesetopis are oupled through the proessing bandwidth of a pulse radar. Very narrowbandwidths will generally give low noise levels, whereas the observed lutter amplitudeinreases if we employ longer pulses. The radar pulse width seletion has typially beenlosely onneted to the maximum target dimension due to the general assumption thatthe target-to-lutter ratio is maximized when mathing the pulse width to the largesttarget dimension. The desired range resolution in most ases will also be ahieved whenthis traditional pulse width seletion proess is followed.Modern DSP-tehnology enables real-time implementation of omplex signal proessingalgorithms, whih may even allow target detetion in situations where the signal-to-noiseratio is less than one. The baksattered lutter power e�etively inreases the noise �oorin the radar reeiver thereby degrading the minimum detetable RCS. The amount ofreeived lutter power is, among other parameters, a funtion of pulse width. The limitsthat lutter returns and thermal noise alone set on the maximum range of detetion fora spei� target RCS an be alulated for di�erent radar pulse widths. These maximumrange urves onverge to produe a solution for the optimal pulse width for a radar on�g-uration in given lutter onditions. This kind of method does not respond to requirementsrelated to range resolution or survivability under eletroni interferene, but provides ane�etive way to manage the ompliated relation between noise performane and lutterbaksattering. The use of suh pulse width seletion tool gives the radar engineer aninsight into radar performane in ertain operational environment.



MILLIMETER WAVE TEST INSTRUMENTATION RADAR 43The thermal noise-limited maximum range of a radar as a funtion of pulse width an bealulated using Eq. (2.6) for spei� target RCS. In the equation the time-bandwidthprodut (Bnτ) is hosen to orrespond with the IF lowpass �lter shape and transmit-ted pulse shape, and the lowest allowable signal-to-noise ratio is seleted aording tothe signal proessing performane. The lutter-limited maximum range an be similarlyestimated by setting:
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volume lutter (3.11)and solving eah ase for R. The behaviour of thermal noise-limited and volume lutter-limited maximum ranges as a funtion of pulse width and target RCS is illustrated inFig. 3.2 for arbitrary radar harateristis. The two ases eah de�ne a surfae on whihthe maximum radar range lies. The intersetion of the two surfaes de�nes a urve whihrepresents the optimal solution for the radar pulse width for di�erent target RCS values.To determine the optimal pulse width for our instrumentation radars, we estimated ageneri set of radar and lutter parameters. Cost-e�etive hardware omponents, thatwould satisfy the initial test radar performane requirements, indiated transmitted powerat the output stage in the order of +23 dBm and +10 dBm and system noise temperatureof 350 K and 850 K for Ka- and V-band, respetively. The antenna gain used for bothfrequeny bands was 40 dBi. Furthermore, the lowest allowable signal-to-noise ratio wasset to 0 dB and a mathed �lter reeiver was assumed (Bnτ = 1). With these de�nitionsthe thermal noise-limited radar range ould be alulated for seleted RCS-values. In thedesign stage of the test radars there was no self-aquired lutter data available for thedesired frequenies, so the surfae and volume sattering oe�ient values were lookedup from open literature. Sine the literature is almost ompletely laking low grazingangle ground lutter data at millimeter wave frequenies, very generi values were used.The �gure 3.39 in [67℄ suggests approximately σ0 = −20 dB(m2/m2) at Ka-band and

σ0 = −17 dB(m2/m2) at V-band, whih were seleted to represent typial ground lutterFigure 3.2: Thermalnoise and volumelutter-limited maximumranges de�ne surfaeswhose intersetion urvemarks the optimal radarpulse width for di�erenttarget RCS values. This�gure illustrates thepulse width optimizationmethod, and thereforethe spei� parametersused to reate the graphare not of interest here.
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Figure 3.3: Obtainable radar range for vari-ous pulse widths at Ka-band. Solid lines de-sribe a ase for target RCS of 100 m2 anddashed lines for 10 m2. Blue urves repre-sent the noise-limited, red urves the rainlutter-limited and blak urve ground lut-ter limited ase. The ground lutter limitedase for target RCS of 100 m2 is outside ofthe graph area.
Figure 3.4: Obtainable radar range for var-ious pulse widths at V-band. The targetRCS is 1 m2. Blue urve represents thenoise-limited, red urve the rain lutter-limited and blak urve ground lutter lim-ited ase. Atmospheri attenuation has notbeen taken into aount in this graph. If de-sired, it an be inluded as a saling fatorfor the range axis.values. Rain baksatter data at millimeter wave frequenies is more readily available.The volume sattering oe�ient was alulated using least square �t equation based onBallisti Researh Laboratory (USA) measurements [85℄ to give η = −30.2 dB(m2/m3) atKa-band and η = −26.8 dB(m2/m3) at V-band for rain intensity of 10 mm/h.One the parameters were de�ned, graphs for pulse width optimization ould be alu-lated. Figures 3.3 and 3.4 show obtainable radar ranges for di�erent pulse widths for Ka-and V-bands. As indiated in Fig. 3.3, ground lutter does not limit the maximum radarrange for targets having RCS = 100 m2 when using pulse widths below 150 ns, whereasfor target RCS of 10 m2 the optimal pulse width in ground lutter onditions is 107 nsat Ka-band. Rain baksattering (with rain intensity of 10 mm/h) starts to limit themaximum range when pulse widths are above 102 ns and 43 ns for target RCS of 100 m2and 10 m2, respetively. At V-band the situation with the seleted parameters seems tobe more straightforward. Against a one square meter target the ground- and rain lutterurves indiate optimal pulse width values 56 ns and 61 ns, and for a 100 m2 target (notplotted in Fig. 3.4) the maximum radar range is not a�eted at all by lutter returns whenusing pulse widths shorter than 150 ns. Real targets at V-band have RCS far beyond 1m2, so the pulse width seletion at this frequeny band is not based on the optimizationagainst lutter returns, sine the thermal noise �oor and atmospheri attenuation are theritial limiting fators of the radar range.Due to the absene of exat knowledge of volume- and surfae lutter baksatteringoe�ients, the pulse width optimization proess an be further elaborated by sweeping
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Figure 3.5: A solution for the optimal pulse width as a funtion of target RCS and volu-metri baksattering oe�ient for Ka-band. On the lower graph the optimal pulse width-surfae is represented with a set of labeled isourves. The orresponding radar range ispresented with olours at the bakground. The isourves for range are presented withnarrow ontour lines, and the labels are with white font.
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Figure 3.6: A solution for the optimal pulse width as a funtion of target RCS and surfaebaksattering oe�ient for Ka-band. On the lower graph the optimal pulse width-surfaeis represented with a set of labeled isourves. The orresponding radar range is presentedwith olours at the bakground. The isourves for range are presented with narrow ontourlines, and the labels are with white font.



MILLIMETER WAVE TEST INSTRUMENTATION RADAR 47
η and σ0 over a range of values. If the target RCS is also allowed to vary, the solutionfor the optimal pulse width as a funtion of the two variables (η and σ for volume lutterase and σ0 and σ for surfae lutter ase) de�nes a surfae (see topmost plot of Figures3.5 and 3.6). An apparent drawbak of the method is the ompliated interpretationof the results, sine the radar range information is missing from the surfae plot. Thepulse width optimization proess for a given set of radar parameters involves a simul-taneous management of four interrelated fators, namely the baksattering oe�ient,radar range, target RCS and pulse width. Therefore a graphial representation of theoptimal pulse width as a funtion of the remaining three fators is problemati, sine thesolution would be a four-dimensional surfae. An attempt towards a more appropriatevisualization of our results is shown in the lowermost images of Figures 3.5 and 3.6. Theoptimal pulse width-surfae (as a funtion of target RCS and baksattering oe�ient)is represented with a set of labeled blak isourves for Ka-band. In the bakground ofthe image the orresponding radar range is presented as a oloured plane. The olourbaron the right relates the di�erent shades of olour to the range values. To enhane thereadability of the range values additional thin ontour lines have been added and markedwith white labels.The essential information to aid pulse width seletion proess is ontained in Figures 3.5and 3.6. The optimal pulse width for a spei� lutter situation an be read from thegraphs for a seleted target RCS value. Additionally, the obtainable radar range is readilyavailable for the seleted parameter ombination. It should be noted, however, that eventhough an optimal pulse width an be found for all ases, it is not always a resonable valuefrom the viewpoint of other onstraints, suh as hardware realization or range resolutionrequirements. Furthermore, for pulse widths above several hundred nanoseonds thevariation of range within the radar footprint on the ground has to be taken into aountin the alulation of the illumination integral in Eq. (3.2). The optimal pulse width pointmarks the radar range at whih the minimum detetable RCS equals the RCS produedby the lutter ehoes. At ranges beyond that point the lutter ehoes do not degradethe radar sensitivity whereas at shorter ranges the lutter starts to dominate inreasingthe minimum detetable target eho level. When the range orresponding to the optimalpulse width for a given sattering oe�ient and target RCS has been determined, thesignal-to-lutter ratio for that RCS as well as the lutter-to-noise ratio for other rangesusing that pulse width an be alulated from:
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)2 [dB℄, volume lutter (3.13)By examining Fig. 3.5 one an see, that for example with η = 6 ·10−4 m2/m3 and σ = 150m2 the optimal pulse width is 159 ns and the obtainable range with these parameters is6350 m. Furthermore, using Eq. (3.13) one an alulate the signal-to-lutter ratio fora target having RCS of 150 m2 at desired range or for instane the range at whih thelutter power saturates the reeiver.



48 MILLIMETER WAVE TEST INSTRUMENTATION RADARDue to the nature of Figs. 3.5 and 3.6, the range information in the bakgound representsthe thermal noise-limited radar range. This provides an additional feature of the graphfor a radar engineer. By ignoring the sattering oe�ient values on the x-axis one anestimate the obtainable radar range in lutter-free situation. The minimum detetabletarget RCS is marked by the intersetion points of range and pulse width ontours, pro-viding for instane a possibility to �x two of the three values to obtain the third one.Sine one the main funtions of the test instrumentation radars was to ollet baksatter-ing data, the pulse widths for the Ka- and V-band systems in fat should not be exatlyoptimized from the viewpoint of target detetion. Instead, the pulse width seletionproess indiated a use of slightly suboptimal pulse widths in order to produe lutterlevels from reasonable distanes that would be onveniently within the dynami range ofthe reeiver.3.3 Pratial test system for V-bandA V-band instrumentation radar was designed and onstruted within our researh groupusing partly ommerial and partly home-made omponents. The main elements of theradar are the transmitter, reeiver and the IF-part, whih eah have been assembled asseparate physial units. The whole system is enlosed within an aluminium frame to pro-tet the hardware against dust and rain and to provide a su�ient level of eletromagnetishielding. A simpli�ed blok diagram for enhaned larity of the V-band test system isshown in Fig. 3.7.The millimeter wave signal is produed in the transmitter-unit by multiplying the 7.256

Figure 3.7: A simpli�ed blok diagram of the V-band instrumentation radar.
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Figure 3.8: The transmitter unit of the V-band instrumentation radar. Most of the hard-ware bloks are from ELVA-1 ompany.GHz DRO output with a fator of eight. Before multipliation, a sample of the originalDRO-signal is fed to the reeiver-unit through a 1:5 power divider. After the frequenymultiplier the 58.048 GHz signal is mixed with a modulated IF to produe the atual wave-form. The lower sideband of the uponverted spetrum is suppressed by a waveguide-typebandpass �lter. The transmitted frequeny an be seleted within the passband of the�lter by tuning the IF frequeny. However, the IF frequeny is seleted to be in the highend of the tuning range to ensure su�ient attenuation of the lower sideband. A photo-graph of the transmitter unit is shown in Fig. 3.8.

Figure 3.9: The V-band ferrite irulator.

The T/R-duplexer onsists of three parts.The transmitter and reeiver are onnetedto the duplexer with PIN-diode swithes.These are further onneted to a ferrite ir-ulator, whose third port is the antenna-waveguide interfae. The measured isola-tions of the swithes are 18 dB (Tx) and 20dB (Rx), and insertion lossess 0.8 dB and1.2 dB, respetively. The irulator pro-vides 32 dB isolation between transmitterand reeiver (ports 1 and 2), and auses 0.3dB attenuation to pass diretion in bothbranhes. A photograph of the ferrite ir-ulator is shown in Fig. 3.9. The transmit-ted signal power at the antenna waveguideport is +10.4 dBm, and the transmitted



50 MILLIMETER WAVE TEST INSTRUMENTATION RADARpulseform, measured with a diode detetor, is shown in Fig. 3.10. The signal level ouldbe inreased by adding a power ampli�er between radar front-end and the antenna, butthis was not done beause the desired radar range for lutter measurements ould beahieved with urrent setup, and furthermore the bene�t gained from the inreased powerlevel would not have been in line with the inrease of ost. The antenna of the instru-mentation radar is a paraboli re�etor with a Cassegrain-type feed, see Fig. 3.11. Thefeed arrangement inludes also the transition from WR-15 waveguide to a irular horn.In order to suppress the sidelobes, the antenna is equipped with a ylindrial ollar.In the reeiver-unit the reeived radar signal is downonverted to the intermediate fre-queny using the eight times multiplied 7.256 GHz DRO output as a loal. The signalis �ltered using an interdigital stripline bandpass �lter. As a result the instantaneous IFbandwidth is 32.5 MHz. At the end of the reeiver hain the signal is divided into ampli-tude and phase hannels using a Wilkinson 3 dB power splitter. In the amplitude hannela diode detetor and a video ampli�er are used to produe a unipolar video voltage fromthe envelope of the radar signal. The noise �oor of the V-band instrumentation radaris at -94 dBm and the dynami range of the reeiver is 30 dB. A voltage proportionalto the phase di�erene between the radar signal and the oherent loal from the IF andpulse-unit is obtained from the IF port of a double balaned mixer. After lowpass �lteringthe bipolar video represents the phase of the radar signal. The deision of using ampli-tude and phase hannels instead of quadrature detetion is mainly based on minimizationof IF hardware. Also the fat, that the instrumentation radar is intended for researhwork onerning lutter amplitude (sattering oe�ient) behaviour, motivates the useof separate amplitude and phase hannels. This arrangement enables the use of highersampling rate in radar signal aquisition system ompared to situation where two hannels(I and Q) would be sampled simultaneously. Still, the phase information is available ifneeded.

Figure 3.10: The transmitted pulse of the V-band instrumentation radar. Dynamis islimited by the detetor of the measuring devie, and does not represent the true dynamisof the transmitted pulse.
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Figure 3.11: The antenna of the instrumentation radar is shown left. It is a parabolire�etor with a ylindrial ollar to suppress the side- and baklobe level. The photo-graph on the right shows the Cassegrain-type feed. The feed arrangement inludes also thetransition from WR-15 waveguide to a irular horn.The IF frequeny and pulse modulation are generated in the IF and pulse-unit, and theIF frequeny as well as the pulse repetition frequeny are tunable. Beause of the desireto reord all radar returns down to zero Doppler frequeny, speial attention has to bepaid to the pulse modulator harateristis. Partiularly, any leakage of signal might beharmful for the reeiver proessing funtions. The ahieved ON/OFF ratio of the mod-ulator is better than 110 dB (Fig. 3 of [P2℄), whih an not be seen in Fig. 3.10 due tothe limited dynamis of the measurement devie. As mentioned earlier, the unmodulatedIF frequeny is also used to oherently downonvert the radar signal to baseband at thephase video hannel. Also the duplexer swithes are ontrolled by TTL pulses originatedin the logi iruit of the IF and pulse unit. They are realized with an Shottky-typeiruit to ensure the fast rise- and fall times of the transmitted pulse.3.4 CalibrationDespite quite aurate equipment and proedures are available for the measurement ofradar transmitter power, reeiver sensitivity and response and even antenna gain, truealibration target tests are the only reliable means of ahieving absolute alibration ofpratial radar systems in the �eld [86℄. These tests all for speial alibration targetsthat have been used sine the early days of radar and that onsist of spheres overed bymetal foil [87℄, orner re�etors of various sizes [88℄ and even ative repeaters [89℄.The internal alibration of our test radars involved laboratory measurements of transmit-ter power, frequeny, pulse shape, detetion urve and frequeny response of the reeiver.The transmitter power was measured from the antenna port using a power meter. The



52 MILLIMETER WAVE TEST INSTRUMENTATION RADARaverage power measured by the power meter was related to peak power by measuring theexat pulse shape and pulse repetition frequeny as well. Besides these, a wide band diodereeiver was used for omparisons. The detetion urve of the reeiver hain was measuredusing a signal generator, from whih a pulse modulated waveform at the exat PRF ofthe radar was fed into the antenna port (with the antenna removed), and an osillosopeto reord the deteted voltage. A ratio method, whih enables periodi alibration atthe �eld [90, 91℄, was not implemented into any of the onstruted test radars to avoidthe extra attenuation introdued by the diretional oupler. Moreover, the installation ofsuh built-in alibration feature was not absolutely required, sine the radar transmittingpower variations and frequeny drift over a time period of several hours was monitoredregularly in laboratory, and the measurement data showed very stable and repeatable op-eration eah time with relative power or sensitivity hanges below 0.5 dB and frequenyo�sets less than 1 MHz. Furthermore, an indiret method to monitor the system stabilityin the �eld existed already, sine due to the limited isolation of the duplexer a sampleof the transmitted pulse was present at the reeiver video hannel thus providing meansto observe the possible variations in the deteted pulse amplitude. The laboratory testsprovided preise knowledge of the radar parameters, but an absolute alibration alled formeasurements with targets of known radar ross setion. In order to be able to relate re-eived power with a true RCS, the antenna gain pattern as well as unidealities introduedby antenna port mathing had to be inluded in the alibration sheme.3.4.1 Calibration targetsA perfetly onduting sphere is very attrative as a alibration target beause its RCSis onstant regardless of attitude as seen form the diretion of illumination and does noteven hange as a funtion of wavelength as long as the ratio of the irumferene of thesphere to the wavelength in use is >10 (above the Mie-region) [92, Ch. 4℄ - a requirementnot too di�ult to meet at millimeter wave frequenies. However, the atual RCS valueof a sphere is small and normally does not allow aurate level alibrations in an outdoor�eld environment where severe lutter is met. When using passive alibration targets thebaksattered eletri �eld is a ombination of the alibration target eho and the �eldsbaksattered from the bakground. Sine the phase di�erene between the two eletri�elds an obtain any value between 0 and π, the orresponding alibration error fallsbetween the maximum limits given by
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, (3.14)where σm is the measured RCS, σc the true RCS of the alibration target and σb the RCSof the bakground eho. From Eq. (3.14) we an see, that if the maximum unertaintyallowed for the alibration is ±1 dB, the e�etive bakground RCS has to be less than 0.01times the alibration target RCS. Sine the RCS of a sphere at optial region is simply

πr2, the huge radius needed to produe the required RCS pratially rules out the use ofa sphere as a alibration target in situations where the illumination geometry auses theradar beam to be ompletely or even partially �lled with lutter. However, if a sphere anbe positioned high above the ground using a low-re�etivity struture, the baksatteringfrom the ground, as well as multipath e�ets, an be avoided.



MILLIMETER WAVE TEST INSTRUMENTATION RADAR 53Four di�erent alibration spheres, with RCS of -15 dBm2, -17.5 dBm2, -21 dBm2 and-23.5 dBm2, were used in our experiments. A sphere was mounted between two polesusing nylon rope, see Fig. 3.12. The distane between the two poles was set to be enoughso that their angular separation as seen from radar position was more than the angulardi�erene between the seondary azimuthal antenna sidelobes. This ensured that thesidelobe-to-sidelobe baksattering from the pole strutures would be attenuated enoughto avoid disrupting the baksattered alibration target signal. The height of the poleswas determined experimentally on a basis of reduing ground illumination by antennamainlobe and �rst sidelobe at the alibration target range. The resulting geometry pre-vents the multipath e�ets as well. The sphere an also be lifted high above the groundusing a weather balloon that has wire braing to hold it steady, see Fig. 3.13. Thismethod, however, is more laborious to set up and su�ers from wind gusts, so it was notused as muh as the poles.The alibration range, when using spheres as targets, must be onsidered from threeviewpoints. Firstly, the far-�eld riterion must be ful�lled. Due to the small physialdimensions of our alibration spheres, the far-�eld distane was based on the radar antennadiameter. On the other hand, the range an not be too long, beause in order to avoidground illumination at the alibration target range the mounting poles height would haveto be inreased with inreasing range. Already at a distane of a few hundred meters thepoles would be impratially tall.The ahievable measurement auray is also a funtion of signal-to-noise ratio, whihsets a limit for the maximum range of alibration arrangement. In a diode detetor thereti�ation of AC signals is provided by the even-order terms in the power-law represen-tation of diode equation [93, Ch. 11℄. For small signals the seond order term dominates,and therefore the output voltage of a diode detetor is proportional to the square of the

Figure 3.12: A spherial alibration target mounted be-tween two poles using nylon rope. The markings onthe rope are for angular distane determination. Thesphere position is marked with an arrow. Figure 3.13: A alibrationsphere (marked with an arrow)lifted high above the ground us-ing a weather balloon with wirebraing to hold it steady.
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Figure 3.14: Probability density urves of alibration error due to thermal noise for varioussignal-to-noise ratios. The alibration target is assumed non-�utuating and noise hasGaussian distribution.input RF voltage. Measurement unertainty aused by thermal noise an be evaluated inMatlab by adding Gaussian noise to the non-�utuating target eho signal before squaringand low-pass �ltering the IF signal. The resulting envelope voltage represents the noise-ontaminated alibration target eho. When the proess is repeated for several values ofsignal-to-noise ratio, a set of probability density urves is obtained. The measurementunertainty simulations are shown in Fig. 3.14. The results indiate, that for example inase of S/N = 15 dB the error in estimation of alibration target RCS for 95% of the timeis less than ±0.7 dB, whereas for S/N = 24 dB the measured RCS is pratially alwayswithin the ±0.7 dB error bounds. Based on the above evaluation it was found, that inorder to ahieve better than ±1 dB alibration unertainty, the maximum ranges for thesmallest and largest alibration sphere were approximately 70 and 150 meters when usingour Ka- and V-band radars. At V-band these ranges were all in far �eld region, whereasthe smallest sphere at Ka-band turned out to be un�t for alibration purposes sine itwould have to be inside the near �eld zone to ful�ll the signal-to-noise ratio requirement.The alibration of our radar systems was typially arried out using the seond largestsphere loated at 100 meters for Ka-band and the largest sphere loated at 70 m for V-band. These provide signal-to-noise ratios of 18 dB for Ka-band and 15 dB for V-band.The orresponding 95% on�dene intervals are ±0.6 dB and ±0.7 dB.To be able to perform alibrations at longer radar ranges, a retangular plate as a targetwas onsidered. Retangular plates are known to produe large radar ross setions, andthe analytial form is [92, Ch. 4℄
σ(θ, ϕ) =

4πA2

λ2

[

sin(ka sin θ cos ϕ)

ka sin θ cos ϕ

sin(kb sin θ cos ϕ)

kb sin θ cos ϕ

]2

cos2 θ, (3.15)where a and b are the plate dimensions, A is the physial area of the plate and k is the



MILLIMETER WAVE TEST INSTRUMENTATION RADAR 55wave number. Reasonable mehanial dimensions of some tens of entimeters give anRCS of several hundred or thousand square meters, but only for perfetly perpendiularinidene. The relative RCS of a square plate in azimuth diretion is shown in Fig. 1 of[P7℄ and the extremely narrow beamwidth of a square plate is further illustrated in Fig.2 of [P7℄. If the radar antenna beamwidth and that of the alibration target are wideenough to over at least partially the soil or sea surfae between them, we may get up to16 times larger input power to the radar if all the four paths add in phase, as was disussedin 2.1.2. Therefore it is advantageous to have the target's equivalent beam as narrow aspratial. This is in our ase the main reason of disarding typial orner re�etors, whihindeed would give easier alignment possibilities due to their wider main beam widths [94℄.Observing all this, a reliable way to align the plate perfetly perpendiular to the radarbeam had to be devised.The alibration target with an alignment system is shown in Fig. 3.15. It onsists of awooden tripod, a two-axis rotating mehanism, the atual alibration plate and an optialsight. Speial are has been taken to avoid any metalli surfaes to protrude outside theatual irumferene of the retangular aluminum plate, and therefore the optial sight hasbeen mounted diretly behind the plate and only a hole having a radius of 4 millimetersis provided for looking through. The azimuth and elevation axes have nylon threads thatenable a omplete 360-degree overage of the horizon and about 30 degrees above andbelow it. The gear redution ratio is hosen as 1:100, whih allows steady and aurateoptimization of alignment with referene to the radar beam diretion. Collimation of theoptial sight was done with a laser pointer and a tiny mirror attahed on the surfae of theplate. Naturally, the surfae deformations of the plate itself have been kept below λ/32 -a value not too di�ult for suh limited maximum dimensions [95℄. In order to be ableto adjust the alibration target RCS without modifying the ollimated alignment system,di�erent absorber ollars, whih are mounted from above just by two �oating hinges, wereused. Additionally, the orner di�ration of the plate is redued by using the absorberollars. Figure 3.15: Thealibration targetwith an alignmentsystem onsistingof a wooden tripod,a two-axis rotatingmehanism, theatual alibrationplate and an op-tial sight. Anabsorber ollar anbe used to vary theRCS of the plateand redue theorner di�ration(left).



56 MILLIMETER WAVE TEST INSTRUMENTATION RADARThe mehanial alignment in the �eld turned out to be very repeatable proedure, andalibration ranges up to several kilometers were used. The optial sight approah is verypratial and gives an unambiguous way for pointing. Beause the beamwidths of thetarget and illuminating radar are very narrow (< 1◦), the multipath e�ets are avoidedand therefore the use of high measuring towers is not neessary.The estimation of the alibration target RCS proved to be di�ult without storing andpost-proessing of the radar data. Due to the square law detetion, strong eho voltagesappear to be strongly �utuating when observed on an osillosope display (Fig. 3.16).These �utuations, however, represent reeived power hanges in the order of only 1-2dB. This phenomenon is illustrated using a Pin −Uout -detetion urve in Fig. 3.17, fromwhih it beomes obvious, that absolute voltage �utuations for large S/N ehoes arelarger than for those with smaller S/N , even though the reeived power distributionswould be idential. Averaging over 4 to 16 pulse repetition intervals alms down the radarsignal on a display, but true mean values of the reeived alibration signal were obtainedfrom post-measurement analysis of the aptured radar data.

Figure 3.16: Anexample of radareho voltage �u-tuations on an os-illosope display. Figure 3.17: Voltage �utuations for small and large input powerpulses having equal input power distribution illustrated using a
Pin−Uout -detetion urve. The red and blue areas show, that powervariations of ±1dB for large and small mean input power levels re-sult in ompletely di�erent detetor output voltage variations.3.4.2 Transmitter alibrationIn addition to the use of passive targets, an external alibration ation before the start ofeah �eld measurement event was also onduted using a stand-alone reeiver to monitorthe power density radiated by the test radar. The struture of the reeiver was madesimple using only an LNA and bandpass �lter onneted to a diode detetor followed by



MILLIMETER WAVE TEST INSTRUMENTATION RADAR 57fast wide-band video ampli�er to provide the output voltage. The antenna was a irularhorn supplemented by a dieletri lens. A photograph of the reeiver is shown in Fig.3.18. The reeiver was mounted on a tripod, whose height was adjusted experimentallyso that the geometry would prevent severe multipath e�ets. Due to the wide beamwidthof the alibration reeiver antenna, however, multipath propagation from radar antennasidelobe to the alibration reeiver antenna ould not be entirely avoided. The power levelhanges introdued by multipath e�ets were examined eah time by slowly varying thealibration reeiver height to see the di�erene between maximum and minimum signallevel. If the di�erene was more than 1 dB, the atual position of the alibration reeiverwas moved until the geometry was suh that the observed di�erene was on an aeptablelevel (≤ 1 dB).The alibration reeiver detetion urve, in its part, was measured using a CW transmitterat a enter frequeny of the reeiver bandpass �lter. Furthermore, knowing the gain ofthe alibration reeiver antenna and the test radar transmitter power at the antenna portbased on laboratory measurements, the maximum gain of the test radar antenna ouldthen be alulated using
Gt =

(

Pr

Pt

)(

4πR

λ

)2
1

Gr

. (3.16)The transmission line loss of the antenna feed as well as the power loss due to SWR >1 at the antenna interfae are e�etively inluded in the value of Gt. In addition to themaximum gain, also the 3 dB and 1.5 dB beamwidths of the test radar antenna mainlobe(see 3.2), as well as the �rst and seond sidelobe level, ould be determined when usingthe alibration reeiver method. The measurements were arried out by hanging theazimuthal pointing angle of a radar and observing the orresponding hanges in powerlevel at the alibration reeiver. For the measurement of the elevation beam pattern the

Figure 3.18: The alibration reeiver. The output video voltage of the alibration reeiverwas sent bak to the radar loation using a oaxial able.



58 MILLIMETER WAVE TEST INSTRUMENTATION RADARradar was tilted 90 degrees in order to avoid generating multipath interferene aused byhanges in elevation angle. There was no onern of ross-polarization attenuation sinethe dynami range of the alibration reeiver is 26 dB, allowing mainlobe beamwidthmeasurements also in ross-polarization situation.3.4.3 Ative reeiver alibratorIn the alibration of air- and spaeborn syntheti aperture radars (SAR) ative radaralibrators are widely used over passive targets due to the bakground ondition require-ment [96℄. The devies are essentially of transponder type, whih re-radiate the reeivedwaveform bak towards the radar using a transmission power level that orresponds to aprede�ned RCS value. When alibrating a ground-based millimeter wave radar reeiverunit, the use of a transponder is not neessary, sine the alibration distanes are signif-iantly shorter than for typial SAR appliations. Therefore the alibration transmitteran be synhronized with the radar pulse unit through a able onnetion. A sample ofthe transmitted waveform an be fed to the alibrator if signal distortion an be avoided,but even if the transmitted waveform has to be generated separately, a hardware solutionof a transmitter alone is more straightforward than a omplete transponder unit. In or-der to avoid the mixing of the syntheti alibration signal and the atual baksatteredeho from the alibration instrument, a possibility to shift the alibration pulse to a lowbaksatter area is desirable. This an be aomplished by ontrolling the transmissioninstane of the alibrator relative to the radar pulse transmission. On the other hand,sine the aim is to alibrate the reeiver, the radar transmitter an be turned o� in asea pulse shifting ontrol is not available. This, however, prevents getting any ideas of e.g.saturation reovery. During the thesis work preliminary experiments using a alibrationtransmitter were arried out, but the implementation into pratie did not take plae yet.An example of our �rst hardware is shown in Fig. 3.19. Given the three kind of alibra-tion methods used (laboratory measurements, passive targets and alibration reeiver),the obtained preision of absolute alibration did not neessitate the use of alibrationtransmitter.

Figure 3.19: The alibration transmitter prototype. Only preliminary experiments wereonduted in the �eld with this transmitter.



MILLIMETER WAVE TEST INSTRUMENTATION RADAR 593.4.4 Unertainty issuesSolely for the purposes of the measurements presented in this thesis, the following para-meters are de�ned:Stability. Eletrial stability of the instrumentation radar between suessive alibra-tions, typially within a time span of 0.5-2 hours. Based on our alibration data, thestability unertainty is better than 0.5 dB.Laboratory measurement unertainty. The most signi�ant soures of laboratorymeasurement unertainties are related to transmitter power measurements and to the de-termination of detetor Pin − Uout -urve. The power measurement unertainty is foundto be 0.3 dB and detetor urve determination 0.2 dB �1V.Site unertainty, whih takes into aount the temporal hanges in test environmentand unexpeted hanges in alibration target. For most ases the hanges in environmentare not a pratial issue, sine the test sites were hosen to avoid severe sidelobe lutterinterferene. The alulated unertainty was found to be below 0.4 dB.External unknown signals. The presene of an external signal manifests itself as aninrease in noise �oor. An inrease of 3 dB or more in noise level would be easily deteted,but suh a phenomenon was not enountered during our measurements. Therefore theunertainty aused by external interferene for pratial target eho levels (deteted videolevel of >1V) is below 0.1 dB.Weather unertainty. The e�et of temperature on system performane was orretedseparately using an experimentally determined orretion fator (see Fig. 4.14). Theunertainty in alulation of atmospheri attenuation is below 0.2 dB.Repeatability. The repeatability, in ase we want to measure a same target at di�erentsites, was found to be better than 1 dB.Based on quantitative analysis of individual error soures, the overall 95% root-mean-square unertainty of our measurement results is 1.2 dB. Furthermore, the eletrial sta-bility between alibrations is better than 0.5 dB.



4 E�ets of Sandinavian environmenton radar wave propagationIn this hapter the results of baksattering measurements are presented. The data isobtained using the Ka- and V-band (3.3) instrumentation radars and alibration methodsdesribed in 3.4. The purpose of olleting baksattering data is to provide tools fordeveloping signal proessing algorithms for millimeter wave frequenies, sine true radardata is superior to simulated lutter. Furthermore, our data overs some typial illumi-nation geometries whih will be enountered using a ground-based radar system, namelyperpendiular illumination and very low grazing angles. No baksattering data for V-band an be found in open literature, and the reported Ka-band measurements do notover low grazing angles or perfetly perpendiular illumination.The baksattering measurement results presented here depit essentially raw radar dataobtained from true lutter soures. Creation of mathematial models based on the mea-sured data or �tting known probability distribution funtions into the data have not beenattempted, and they are out of the sope of this thesis. Only basi statistial �gures aregiven for eah ase.4.1 Data aquisition methodsRadar data in �eld experiments is onveniently presented in an A-type display using anosillosope. The IF- and pulse unit provides a triggering pulse for the osillosope, al-lowing the amplitude and phase hannels to be presented simultaneously on the display.However, apturing and storing the radar data an not be aomplished with standardlaboratory measurement devies beause the amount of samples that need to be apturedis huge and an osillosope is not apable of transferring the data to PC memory viaHP-IB bus with desired speed. In order to be able to analyze raw radar data in Matlabenvironment, a need for a signal olleting system arose.The primary data aquisition system was based on a PC osillosope ard CS12100 bythe Canadian ompany Gage Applied Tehnologies. The ard was installed into PCI busof an ordinary o�e PC. CompuSope 12100 samples analog signals at speeds up to 100MS/s with 12 bit resolution and stores the data in an on-board memory. CS12100 usestwo monolithi sub-ranging A/D onverters, eah running at 50 MHz, to provide a dual-hannel simultaneous real-time maximum sampling rate of 50 MS/s. The osillosope ardis ontrolled by dediated software, that enables all neessary osillosope funtions. Theard is equipped with an 8 MB on-board memory size. The on-board memory size restritsthe data aquisition time, whih is a funtion of sampling rate, amplitude resolution andposttrigger sample ount. In our ase we were able to ollet data for a maximum of 1.3seonds at a time, whih was quite enough for baksattering measurements, (Fig. 4.1).60



EFFECTS OF SCANDINAVIAN ENVIRONMENT... 61

Figure 4.1: An osillosope was used for displaying radar data in real time. The baksat-tering data was aptured for further analysis using a PC-based data aquisition system.In order to study the temporal behaviour of radar ehoes over a time period of severalseonds, longer data aquisition times than the PC-based system was able to providewere needed. This was ahieved by simply videotaping the osillosope display (Fig. 4.2).Suh a method enables to apture 25 snapshots of the radar data in one seond, whihis su�ient sampling rate for example studies onerning slow-fading e�ets. One thevideo material is stored into a DVD, the radar data an be extrated from the videoframe by frame. Rain baksattering and attenuation measurement ampaigns lasting forseveral weeks alled for yet another method to ollet and store the radar data. Here, anold portable workstation HP-85 performed data logging by reading the time-gated results

Figure 4.2: Videotaping the osillosopedisplay provided a simple method for ap-turing radar data over a time period of sev-eral seonds. Figure 4.3: The data of measurement am-paigns lasting uniterruptedly for severalweeks was aptured and stored using an os-illosope and a portable workstation.



62 EFFECTS OF SCANDINAVIAN ENVIRONMENT...from an osillosope through an IEEE-488 interfae (Fig. 4.3). Raw results were printedimmediately on paper and stored as bloks on 3.5 inh disk, whereby at least part of thedata would be saved even in the ase of total power failure.4.2 Formulation of lutter statistisThe lutter data was measured from spatial areas within radar line-of-sight in whih lut-ter levels were substantially over the thermal noise level. The radar was positioned andaligned to illuminate a seleted lutter ell ontinuosly so that several thousands of sam-ples ould be aptured and stored. The baksattering oe�ient (σ0) was derived fromreorded lutter data (using Equations (3.6), (3.8) and (3.9)), the results were transformedinto a histogram form, and basi statistial attributes were alulated. Together with de-sriptive information of the terrain or forest type, the histogram and assoiated statistialattributes were stored into a lutter database. In this thesis a few examples from this hugedatabase are given to desribe typial values of σ0 in di�erent environments harateristiof Sandinavian topography. Histograms are presented and statistial attributes are givenin separate tables for eah presented ase. They inlude mean and standard deviation,oe�ients of skewness and kurtosis as well as the 50-, 95- and 99-perentile levels.The baksattering oe�ient distribution in eah histogram is presented with 0.5 dB bins.The amount of samples used to reate the histograms is either 213, 214 or 215, due to thedata aquisition system harateristis. The histograms are normalized to view the height

Figure 4.4: Illustration of a lutter baksattering oe�ient histogram. Thermal noise(blak bars) shapes the histogram in ase lutter ehoes are lose the sensitivity limit ofthe reeiver. Basi statistial attributes have been marked.



EFFECTS OF SCANDINAVIAN ENVIRONMENT... 63of the bars as frations of the total number of samples. When lutter data was measured,it was assured that the ehoes are below the top end of the dynami range of the reeiver.Therefore, none of the lutter samples were saturated, and the right end of the histogramsrepresent a true form of the distribution. However, most of the lutter distributions weresuh that the tails towards the low baksattering end of the histograms were long, andthermal noise �oor ould not be avoided in all ases [68, Appendix 4C℄. The distortion ofthe lutter baksattering oe�ient histograms aused by �nite sensitivity of the radaris illustrated in Fig. 4.4, where the reeiver noise is shown with blak bars. In histogramsof setions 4.3 and 4.4 the bars representing reeiver thermal noise have been omitted topreserve good readability. The bar heights present the frational amount of samples as
m/N , where N is the total number of samples.The average lutter onditions have been desribed by di�erent authors with mean, modeand median values [68℄. In this thesis mean values are given. The perentile levels aregiven for 50%, 95% and 99%, whih indiate the relative portion of samples below a givenbaksattering oe�ient value. The mean- and perentile levels are illustrated in Fig.4.4. The statistial attributes were omputed from the individual samples xi of the rawbaksattering oe�ient data, and are de�ned as follows [68, pp. 129-130℄:mean = x̄ =
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ni(x̄i − x̄)q ; q = 2, 3, 4. (4.5)4.3 Baksattering from groundLow grazing angle baksattering oe�ients of three types of soil are presented for V- andKa-band. Suh terrain types, in whih the soil material onsists almost ompletely of laywith only minor vegetation on top, are labeled �lay�. The label �grass+gravel� refers toa terrain type whih has a thik gravel layer as surfae material, and vegetation, mainlygrass, overs signi�ant portion of the area. A snow-overed ground has been furtherdivided into two main ategories, namely �wet�- and �refrozen snow�. The division hasbeen made based on an observation, that the baksattering oe�ient of snow hangesdramatially whenever a melt/refreezing yle ours [67, p. 145℄.Figure 4.5 presents histograms of the seleted ases at V-band, and Figure 4.6 at Ka-band.The orresponding statistial attributes are given in Table 4.1. The open literature on-
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Figure 4.5: Ground baksattering oe�ient values at V-band from our measurements:a) Soil type lay, grazing angle φ = 1.5◦, b) lay, φ = 3◦, ) partly gravel and partly grass,
φ = 1◦, d) partly gravel and partly grass, φ = 3◦, e) refrozen snow, φ = 1◦, f) wet snow,
φ = 1◦. The statistial attributes of the histograms are presented in Table 4.1.



EFFECTS OF SCANDINAVIAN ENVIRONMENT... 65tains reports of several experimental millimeter wave ground re�etivity measurementampaigns [67, 97, 98, 99, 100, 101, 102, 103, 104, 105℄, but extremely low grazing angledata (φ < 3◦) has not been reported for Ka-band, and open literature ompletely laksresults for V-band radar re�etivity. Therefore diret omparisons with previous work arenot possible.Most of the theoretial models proposed by many authors are not valid for low grazingangles, see e. g. [106, 107℄. However, ground lutter models for Ka-band proposed byGeorgia Teh [67, p. 147℄ and Kulemin [97, p. 121℄ extend below grazing angles of 10◦,thus providing a possibility to ompare our results against these models. In Figure 4.7the two models and our measurements are plotted for omparison. It an be seen, thatKulemin's model predits more than 10 dB lower values than what is suggested by ourmeasurements. On the other hand, diret extrapolation of Georgia Teh model givesabout 10 dB higher baksattering oe�ient values for snow-overed ground than ourresults indiate, although a good agreement an be found for the di�erene between wetand refrozen snow, whih is in the order of 10 dB aording to our measurements and

Figure 4.6: Ground baksattering oe�ient values at Ka-band from our measurements:a) Soil type lay, grazing angle φ = 1◦, b) lay, φ = 1.5◦, ) wet snow, φ = 3◦, d) wetsnow, φ = 1◦. The statistial attributes of the histograms are presented in Table 4.1.



66 EFFECTS OF SCANDINAVIAN ENVIRONMENT...Table 4.1: Statistial attributes of ground baksattering oe�ient at V- and Ka-band fordi�erent soil types from our measurements.Figure Soil type φ [◦℄ Mean[dB℄ Std[dB℄ g3 g4 50%[dB℄ 95%[dB℄ 99%[dB℄V-band4.5 a) Clay 1.5 -18.9 -24.2 -0.276 2.487 -18.8 -18.0 -17.24.5 b) Clay 3 -15.7 -16.0 1.233 5.087 -16.6 -11.1 -9.74.5 ) Gravel+grass 1 -23.0 -24.5 1.299 5.455 -23.8 -19.2 -17.84.5 d) Gravel+grass 3 -19.0 -20.4 1.235 5.228 -19.7 -15.1 -13.74.5 e) Refrozen snow 1 -14.5 -19.2 0.503 3.045 -14.7 -12.5 -11.74.5 f) Wet snow 1 -22.9 -27.0 1.630 6.695 -23.5 -20.4 -19.3Ka-band4.6 a) Clay 1 -20.5 -25.3 0.511 2.958 -20.7 -18.5 -17.84.6 b) Clay 1.5 -19.7 -23.4 0.474 3.174 -19.9 -17.3 -16.43 [P9℄ Gravel+grass 3 -21.7 -37.2 0.145 2.748 -21.9 -20.2 -19.84.6 ) Wet snow 3 -31.8 -38.3 0.139 2.950 -31.8 -30.4 -29.94.6 d) Wet snow 1 -35.0 -44.3 0.052 2.982 -35.0 -34.2 -33.94 [P9℄ Refrozen snow 3 -23.9 -24.9 0.484 3.211 -24.0 -21.5 -20.6

Figure 4.7: A omparison between our measurement results, Kulemin [97, p. 121℄ groundbaksattering model and Georgia Teh [67, p. 147℄ baksattering model. The GeorgiaTeh -model overs grazing angles down to 5◦.



EFFECTS OF SCANDINAVIAN ENVIRONMENT... 67Georgia Teh model. Summertime ground re�etivity in our measurements seems to behigher than what is proposed by the models. An interesting feature is the relation betweensummertime and wintertime re�etivity. Aording to our measurements, and Kuleminas well, the summertime re�etivity is always stronger than that of snow-overed groundwhereas the Georgia Teh model suggests opposite behaviour.Generally, the baksattering levels at V-band are stronger by 2-4 dB ompared to Ka-band, and narrower statistial distributions are observed at Ka-band than at V-bandregardless of lutter type. A terrain onsisting mainly of lay seems to produe strongerbaksattering (2-4 dB) than a �gravel+grass� -type soil, as was the ase also at Ka-band,although the phenomenon at V-band is more pronouned. Snow re�etivity at V-bandshows very interesting harateristis ompared to summertime ground re�etivity. Atgrazing angle of 1◦ the refrozen snow has re�etivity values around -15 dB(m2/m2) and wetsnow -23 dB(m2/m2), see Table 4.1. The di�erene between these two snow overed groundtypes is similar to the Ka-band behaviour, but when ompared to summertime groundre�etivity, the V-band di�ers from Ka-band. Refrozen snow re�etivity to baksatteringdiretion at V-band is larger by more than 4 dB than the summertime values whereasat Ka-band the summertime ground re�etivity aording to our measurements alwaysexeeds that of any type of snow. A diret saling of Ka-band values into 60 GHz an notbe done, sine the behaviour at V-band is quite di�erent from Ka-band behaviour.4.4 Charateristis of forests and vegetationIn this setion baksattering oe�ients of distributed lutter under perfetly perpen-diular illumination geometry onditions at V- and Ka-band are presented. The seletedexamples inlude two types of deiduous bushes, typial Sandinavian forests and singlesprue and pine trees. Figure 4.8 presents measured reletivity histograms for deiduousbushes, oniferous forests and two types of single tree at V-band. Figure 4.9 presentshistograms of di�erent forests at Ka-band. The orresponding statistial attributes aregiven in Table 4.2.No re�etivity values have been published for perpendiular inidene at typial millime-ter wave radar frequenies. Publiations, suh as [108℄, have onentrated on airbornemeasurements of forest baksattering. Maximum grazing angles used in remote sensingare in the order of 70◦. Furthermore, airborne sensors see mostly the tree-tops sine theyilluminate the forests from above, whih is ompletely di�erent situation than when aground-based sensor illuminates forests. Therefore there is no data in literature availablefor omparison at V- or Ka-band.The measurement results of perpendiular illumination of dense oniferous forests show 4dB higher baksattering oe�ient values for Ka-band than for V-band. This is ontraryto ground lutter ase, where V-band re�etivity was generally higher than that of Ka-band. The standard deviations of baksattering oe�ient data are very similar for bothbands, whih also di�ers from ground lutter ase. It seems that our observations don'tenourage a straight extrapolation of previously obtained 70◦ grazing angle data of [67℄ or[109℄ towards higher grazing angle values. If suh an attempt is made, the extrapolated
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Figure 4.8: Baksattering oe�ient values of perpendiular inidene at V-band fromour measurements: a) deiduous bush, b) deiduous bush, ) dense oniferous forest, d)dense oniferous forest, e) single sprue tree, f) single pine tree. The statistial attributesof the histograms are presented in Table 4.2. Measurements of a) and b) as well as ) andd) were onduted on separate oasions.



EFFECTS OF SCANDINAVIAN ENVIRONMENT... 69values tend to be 5-10 dB too low. This an be due to inauraies of the models ausedby the fat that measured perpendiular illumination results have not been available atthe time the models were reated.The temporal variations of lutter ehoes from forests and other vegetation are largerthan in ground lutter situation, sine the twigs, leaves and needles of bushes and treesmove with wind. The spetral shape of vegetation lutter has been examined by a numberof authors, but mainly for frequenies less than 10 GHz. However, Currie [67℄ makes anattempt to assoiate millimeter wave spetral shapes with the �ndings of others at lowermirowave frequenies. The low- and high frequeny spetral shapes are shown to followGaussian and Lorentzian funtions of the form:
W (f) = W0e

−a1f2/f2
c (Gaussian) (4.6)

W (f) =
a2

1 + (f/fL)n
(Lorentzian). (4.7)

Figure 4.9: Baksattering oe�ient values of perpendiular inidene at Ka-band fromour measurements: a) Dense oniferous forest, b) dense oniferous forest, ) forest dom-inated by pine trees, d) forest dominated by pine trees. The statistial attributes of thehistograms are presented in Table 4.2. Measurements of a) and b) as well as ) and d)were onduted on separate oasions.



70 EFFECTS OF SCANDINAVIAN ENVIRONMENT...Table 4.2: Statistial attributes of perpendiular baksattering oe�ient at V- and Ka-band for di�erent bush, forest and tree types based on our measurements.Figure Target type Mean[dB℄ Std[dB℄ g3 g4 50% 95% 99%V-band4.8 a) Deiduous bush -8.9 -10.8 0.756 3.247 -9.3 -5.5 -4.34.8 b) Deiduous bush -9.6 -11.0 0.984 3.766 -10.3 -5.8 -4.74.8 ) Forest, oniferous -14.3 -14.7 1.740 6.793 -15.7 -9.7 -8.14.8 d) Forest, oniferous -15.3 -16.4 1.001 3.891 -16.0 -11.3 -10.24.8 e) Single tree, sprue -8.7 -12.5 0.245 2.605 -8.7 -6.3 -5.74.8 f) Single tree, pine -9.7 -13.6 0.354 2.796 -9.8 -7.3 -6.6Ka-band4.9 a) Forest, oniferous -8.6 -11.2 0.764 3.526 -9.0 -5.5 -4.54.9 b) Forest, oniferous -10.9 -12.9 0.856 3.501 -11.4 -7.4 -6.44.9 ) Forest, pines -12.8 -13.6 1.149 4.0 -13.8 -8.5 -7.34.9 d) Forest, pines -11.7 -13.1 0.643 2.8 -12.3 -8.1 -7.1The spetral dependenies of windblown trees are haraterized with 3 dB points for bothfuntions (fG, fL), the exponent n of Lorentzian and a ross-over level, whih is the level(below the DC omponent) at whih the two funtions ross. Table 4.3 summarizes thevalues proposed by Currie and the values suggested by our measurements. An exampleof the measured spetrum of a oniferous forest for low- and moderate wind onditions ispresented in Figures 4.10 and 4.11. The Gaussian and Lorentzian funtion that best �tthe data are shown as blak urves. The spetral dependeny values suggested by Currieand our measurements seem to di�er quite onsiderably in the behaviour of high fre-queny omponents. The low frequeny part of the spetrum, haraterized by Gaussianshape, shows little disrepanies as well as the values for Lorentzian fL. Aording toTable 4.3: Measured spetral dependenies of tree baksattering at Ka-band aording toCurrie [67℄ and our measurements.Wind Gaussian fG[Hz℄ Lorentzian fL[Hz℄ Cross-overlevel [dB℄ nCurrieLow 2.8 7 15 3High 2.8 21 15 2.5our measurementsLow 2.8 10 10 1.2Moderate 2.95 19 9.4 1.2
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Figure 4.10: Measured spetrum of a onif-erous forest for low wind onditions at Ka-band. The low frequeny part of the spe-trum shape follows a Gaussian funtion,whereas the higher omponents magnitudedeays on a slope desribed by a Lorentzianfuntion.
Figure 4.11: Measured spetrum of a onif-erous forest for moderate wind onditionsat Ka-band. The low frequeny part of thespetrum shape follows a Gaussian funtion,whereas the higher omponents magnitudedeays on a slope desribed by a Lorentzianfuntion.our measurements, however, the ross-over level is higher and the deay slope of highfrequeny omponents is not as steep as in Currie's �ndings. This means, obviously, thatthe level of frequenies at the viinity of DC omponent even after an MTI-type anelleris signi�ant, thereby degrading the signal-to-noise ratio of slow targets. The origin ofstronger high frequeny omponents than in Currie's measurements might be related tooniferous vegetation, but sine the exat forest type measured by Currie is not known ameaningful omparison an not be made.As an be found in Figures 4.10 and 4.11, the Gaussian shape does not haraterize thelow frequeny part of the spetrum perfetly. It has been disussed in [110℄, although inonnetion to lower frequeny lutter data, that ertain modi�ed exponential shapes thathave the width of a Gaussian shape, but whose tails deay muh faster than Gaussian,would haraterize low-frequeny omponents of windblown lutter data more aurately.However, sine researh work onerning �tting amplitude distributions and power spe-tral density funtions into measured data is outside the sope of this thesis, an in-depthanalysis is omitted and will be a topi of further researh projets.4.5 Rain baksatteringIn order to study rain baksattering and attenuation, a short range, two-way test sys-tem operating at Ka-band was onstruted. Basi elements of the system were a quasi-monostati pulse radar, alibration target and data logging devie. The radar hardwareis desribed by Eskelinen in [111, pp. 196-199℄. The alibration target onsisted of a �atplate and a rotating ylindrial absorber with an opening on one side. While the absorbermaterial of the rotating ylinber was faing the radar, bakground ehoes were reorded.



72 EFFECTS OF SCANDINAVIAN ENVIRONMENT...A alibration eho from the metal plate ould be reeived one per every revolution whenthe rotating ylinder had its opening faing the radar. Several thousands of pulses wereaveraged to obtain the two-way path loss orresponding to bakground and alibrationtarget situations. An example of the raw data is presented in Fig. 4.12. The test site wasonstruted so, that the radar path was free of obstales, and at the alibration targetdistane the main beam of the transmitting and reeiving horn antennas were not touh-ing the ground.Figure 4.13 illustrates an example of proessed results obtained under dry and rainy on-ditions. The blue graph depits the baksattering level of bakground ehoes relativeto transmitted pulse power, and the red one the level of alibration target relative totransmitted pulse power. It an be seen, that due to the sidelobe-to-sidelobe vegetationlutter, exat estimates of attenuation and volumetri baksattering oe�ient ould not

Figure 4.12: Raw data illustrating the behaviour of alibration ehos (bottom of the graph)and bakground level (top of the graph) on suessive revolutions of the absorber ylinder.Data is measured with a quasi-monostati test radar on a short range test site.

Figure 4.13: An example of radar data obtained with a quasi-monostati test radar underdry and rainy onditions in our measurements. The blue graph depits the baksatteringlevel of bakground ehoes relative to transmitted pulse power, and the red one the level ofalibration target relative to transmitted pulse power.



EFFECTS OF SCANDINAVIAN ENVIRONMENT... 73be made on a basis of this data. The test showed, that in order to be able to reliably mea-sure volumetri baksattering oe�ient values, the radar antennas should be pointedupwards to the sky to avoid ground and vegetation lutter. The next test period, in fat,was arried out aording to this priniple. The results of this ase are shown in Fig. 5of [P1℄. The reorded data showed, that the e�etive RCS during snowfall was inreased1-2 dB ompared to e�etive RCS of thermal noise level with the urrent test setup.This indiated a maximum volumetri baksattering oe�ient in the order of η ≈ 10−4.Still, the sidelobe lutter was present in the data ausing e�etively very varying noisebakground behaviour in the reeiver. In order to redue main beam width and antennasidelobe level, further measurements were arried out using a monostati test radar witha paraboli antenna.An interesting phenomenon was observed in ertain extremely old onditions and parti-ularly during the early dawn hours. As an be seen in Fig. 5 of [P1℄, the e�etive RCS ofsky baksattering rapidly inreases although the sky is visually lear in ases when thenight temperature has been around -30◦C or less. The reason an be found in Figs. 6 and7 in [P1℄, whih show simultaneous measurements of vertial temperature and humiditypro�les. The heavy meteorologial inversion layer, whih in this ase extended down toabout 25 meters from ground, hanges the harateristis of the two-way propagationpath. The resulting inrease in equivalent RCS of noise level is in the order of 10 dB.The so alled angel-ehoes are a known phenomenon at traditional radar frequenies (1-10GHz), arising from areas having strong refration index gradients, but previous reportsof the phenomenon at millimeter wave frequenies are not known.The next measurement ampaign was arried out using a monostati Ka-band test radarwith its paraboli antenna pointed slightly upwards (10◦). A vegetation-free test site andlow sidelobe level of the antenna ensured minimal ground lutter interferene. A tem-perature orretion was performed for the deteted amplitude to aount for the systemperformane variations due to outside temperature hanges. The orretion fator was

Figure 4.14: The deteted noise level amplitude as a funtion of the outside temperaturewas measured. A temperature orretion fator was found by least squares �tting a slopeto the measured data.
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Figure 4.15: Volumetri baksattering o-e�ient of rain (red urve) at Ka-band. Airtemperature and rain intensity are shownwith blue and blak urves. Figure 4.16: Volumetri baksattering o-e�ient of rain (red urve) at Ka-band. Airtemperature and rain intensity are shownwith blue and blak urves.

Figure 4.17: Volumetri baksattering o-e�ient of snow at Ka-band. The oasionsof heavy snowfall are indiated. Figure 4.18: A snapshot of an osillo-sope display during heavy rain shower(green urve) together with the orrespond-ing volumetri baksattering oe�ient(blue urve) at Ka-band.alulated using test results shown in Fig. 4.14. At the time of the rain measurements, thebaksattering level was obtained by averaging over a time period of 20 minutes. Duringa six week test period in the autumn of 2003, the number of rainy days was less thanexpeted at this time of year. Results of the few rain periods enountered are presentedin Figs. 4.15, 4.16 and 4.17. The observed volumetri baksattering oe�ient valuesrange from η = 1.4 · 10−5 to η = 7.3 · 10−5 for rain and are between η = 6 · 10−6 to
η = 7 ·10−6 for snow. The weather data is not olleted at the exat loation of the radar,but from a weather station two kilometers from the test site, whih is the reason why theorrelation between rain data and radar data is not perfet. The exat rain intensitiesat a given time are not known, but the nearby weather station reorded rain intensities



EFFECTS OF SCANDINAVIAN ENVIRONMENT... 75between 1-4 mm/h during the measurement ampaign. Our rain measurements orrelatewell with the values reported by others. Currie [67℄ and Kulemin [97℄ summarize mea-surement results for Ka-band. Their �ndings for rain intensities between 1-4 mm/h are:
η = 1 · 10−5 to η = 1 · 10−4 (Currie) and η = 1.8 · 10−5 to η = 9.5 · 10−5 (Kulemin). Ourmeasured values are within these boundaries. There are no reports of snow baksatteringat Ka-band, but the measurement results at 94 GHz show a 5 dB di�erene between snowand rain baksattering under same equivalent rain intensity onditions, the snow beingless re�etive. Not knowing the equivalent rain rate of our snow measurements it is di�-ult to evaluate the exat di�erene between snow and rain baksattering, but aordingto our results the baksattering oe�ient of snow is smaller than that of rain by 4-10 dB.Figure 4.18 illustrates a snapshot of a radar return during a heavy rain shower measuredat di�erent loation than the results presented in Figs. 4.15, 4.16 and 4.17. At thetime the data was aptured, the radar antenna was pointing at ground 100 meters away.The range ells at whih only rain lutter is present produed deteted video voltagesbetween 1.1-1.27 V, whih orrespond to η = −37 ... η = −36 dB[m2/m3℄. Although noaveraging is performed here, the values orrelate well with previously observed volumetribaksattering oe�ients of rain.



5 Examples of target RCS inmillimeter wave bands
5.1 Target RCS predition methodsAs was desribed in setion 3.4, geometrially simple objets are used for radar alibrationsine their radar ross setion an be alulated with preision good enough for alibrationpurposes. The generally used equations for predition of RCS of simple objets, suh asa retangular plate (Eq. 3.15), are, however, approximations. Exat analytial methodsfor the alulation of RCS of even simple objets involves solving either di�erential orintegral equations, that desribe the sattered waves under boundary onditions governedby Maxwell's equations. Even though exat solutions an be ahieved in some ases, truetargets require a use of more or less approximate methods, suh as geometrial optis,physial optis and physial theory of di�ration [112℄. The evaluation of RCS of targetsis needed from two viewpoints. Firstly, radar engineers an use these �gures to estimatethe detetion probabilities and overall radar performane in di�erent irumstanes. Se-ondly, in the �eld of military tehnology, RCS alulations are an essential part of thedesign proesses, sine the minimization of RCS of airrafts as well as naval ships andarmored vehiles is required.The approximate methods of RCS predition assume onditions where the target sizeis more than ten times the inidene wavelength. At millimeter wave frequenies thisondition is easily ful�lled, sine the targets are often hundreds of times larger than thewavelength of radar transmission. This allows to model the omplex targets as onsistingof separate parts, whih all satter the inident wave independently of remaining parts.The total sattered �eld, and thus the RCS, is obtained by integrating the indued �eldsof indivudual satterers over the total surfae of a target in question. In pratie, though,the di�erent parts of a target are dependent on eah other and so the alulation must beextended to aount for the multiple re�etions arising from the shapes of a target. Oftentrue targets have orners or other spei� strutures whih are exellent baksatterers.Suh strutures ause �hot-spots� to the RCS �ngerprint of a target, and espeially high-resolution radars an disriminate targets based on these harateristi features.Geometrial optis is a ray-traing method that is solely dependent on a loal radii ofurvature at a speular point. A severe shortoming of the method is that it preditsin�nite values for �at or singly urved surfaes. Physial optis overomes the problemof in�nities by approximating the indued surfae urrents, whih then at as souresfor the sattered eletromagneti �eld. The approximation of a omplex target RCS isinsu�ient, however, if the di�ration e�ets from the edges of target shapes are not in-76



EXAMPLES OF TARGET RCS IN MILLIMETER WAVE BANDS 77luded into the results. Physial theory of di�ration was developed to take into aountedge di�ration. Still, many phenomena exists that in�uene the total RCS of an objet,suh as surfae travelling waves and reeping waves, that are not inluded in any of themethods mentioned above.The number of ommerially available RCS predition softwares is limited, and often theanalytial methods the softwares use are not well doumented. A typial approah is touse a suitable ombination of elementary methods to alulate the surfae urrents usinga user seletable grid size. As the grid size is dereased, the time required for omputationinreases rapidly. At millimeter wave frequenies, due to the relation between wavelengthand physial dimensions of a target, the required size of the individual elements of thegrid often beomes smaller than allowed by the program. Even though very preise CAD-models of targets ould be, and have indeed been, reated, the simulations at millimeterwave frequenies an not be run with the preision ahieved for S- or C-band simulations.An example of an output of a simulation software is given in Fig. 5.1. It presents the RCSof a 6 meters long ylindrial target with four �ns and a one on one end and paraboloidon one end at 1 m wavelength. The software is BSS [113℄. The minimum wavelengthallowed by the program is 1 m, whih restrits its use at millimeter wave frequenies.As was disussed in setion 2.1.3, the far-�eld of physially large targets at millimeterwave band an be even tens of kilometers. Therefore organizing proper �eld measure-ments an be hallenging. If a proper simulation software tool is not available, and truemeasurements an not be onduted, a ompat antenna test range, suh as desribed in[114℄, an be used for measuring a down saled models of the targets. The target is saledin size to orrespond the very high frequeny used in test range. The auray of thismethod is governed by the preision with whih the target model is made, inluding thesurfae material parameters. Also, the quality of the illuminating �eld is important, par-tiularly its planarity around the test target. An example of an RCS measurement result

Figure 5.1: An example of output of a BSS simulation software [113℄. It presents the RCSof a 6 meters long ylindrial target with four �ns and a one on one end and paraboloidon the other at 1 m wavelength.
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Figure 5.2: An example of an RCS measurement result obtained using a hologram-basedompat antenna test range [114℄. The down saled target is similar to that in Fig. 5.1.The measurement was onduted by Radio Laboratory at Helsinki University of Tehnol-ogy.of a similar ylindrial objet than in simulation of Fig. 5.1 obtained using a hologram-based ompat antenna test range is shown in Fig 5.2. The measurement was ondutedby Radio Laboratory at Helsinki University of Tehnology.RCS predition methods at millimeter wave frequenies beome even more ompliatedwhen the suess of RCS redution tehniques is evaluated. There are two main paths forRCS redution, namely objet shaping and use of absorbing materials. Objet shapinginvolves using surfaes that are aligned to minimize re�etions into baksattering di-retion, and avoiding omplex strutures that ause multiple re�etions. Simulating suhstealth targets poses the same problems that are enountered in onnetion to non-stealthtargets. The e�et of absorbers on the surfae of targets, on the other hand, may be vir-tually impossible to simulate aurately due to the extremely ompliated alulationsinvolved. The oating of targets with absorption materials aims to redue the induedsurfae urrents or math the e�etive impedane of the outermost layer of targets withthat of surrounding air (377Ω) to attenuate the amplitude of sattered �elds. Espeiallyat millimeter wave frequenies suh absorbing materials that would be suitable for oatingof real targets are di�ult to manufature [115℄. Therefore down-saling of oated tar-gets for ompat indoor test range measurements is pratially not possible. In order toevaluate the RCS of the entire objet, true �eld measurements are the only feasible option.The requirement of far �eld ondition must not neesserily be met in outdoor test rangesif the purpose is to study the target RCS at true operational distanes from the radar.Some targets, like a ommerial airliner, reah the far �eld limit far beyond the maximumdetetion range of a typial millimeter wave radar. Therefore the problems enounteredin onnetion with simulation softwares and ompat test ranges an be overome byreating an RCS database with a true radar and true targets at authenti operationaldistanes. The portable millimeter wave test radars presented in this thesis are verysuitable instruments for arrying out suh measurement tasks.



EXAMPLES OF TARGET RCS IN MILLIMETER WAVE BANDS 795.2 Examples of observed RCS valuesThe RCS of a ross-ountry vehile (Fig. 5.4) at Ka-band as a funtion of aspet anglewas measured in an outdoor test range. The measurement was arried out on an open�eld without using an expensive turntable. The vehile was driven very slowly on a �atsurfae and it was steered to follow a irle with smallest possible turning radius. Thevehile was ontinuously traked with the test radar that was positioned at a distane ofone kilometer from the target. The aspet angle of the vehile was onstantly monitored,and 720 samples per revolution were olleted. The obtained RCS trae is shown in polarform in Fig. 5.3. The front of the vehile is towards the 0◦ aspet angle. The mean RCSalulated over all aspet angles is 7.4 dBm2, and the speular maxima from the sides ofthe vehile have an RCS of 19 dBm2.An RCS plot of a jeep at 35 GHz, measured by FGAN researh institute using a turntable,is presented in [116℄. Although the measured vehiles and the illumination angle are notidential, the overall RCS level in our and FGANs RCS plots is similar. The speularmaxima in our measurements are about 6 dB higher than in FGANs results, but the meanvalue of the jeep seems to be larger than our Land Cruiser's, although the di�erene ismarginal. Their measurements show less variations between minima and maxima than ourresults. Sine the measured targets are not the same, however, reasonable omparisonsan not be made. The feasibility of the simple measuring tehnique shown by this exampleallows to arry out RCS measurements of real targets in real operational environments.Expensive investments are not needed, and RCS data an be olleted from a distanethat represents a situation that would be operationally expeted.
Figure 5.3: RCS of a ToyotaLand Cruiser (see Fig. 5.4)at Ka-band as a funtion ofaspet angle. The measure-ment was arried out on anopen �eld by ontinuosly trak-ing the vehile that was drivenvery slowly on a �at surfaeand steered to follow a irlewith smallest possible turningradius. Measuring distanewas one kilometer, and radarantenna was at a height of 1.7meters. The front of the ve-hile is towards the 0◦ aspetangle.
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Figure 5.4: Photograph of the Toyota Land Cruiser that was used for RCS measurementof Fig. 5.3.An example of a situation where the e�etive RCS of a target an not be simulated reliablyis shown in Fig. 5.5, where our RCS measurements of an airplane are presented. Thetarget in question was a Boeing 737-100 ommerial airliner, whose far �eld distane dueto the physial dimensions of the plane (length 28.65 m, wing-span 28.35 m) at Ka-bandis almost 200 km. The RCS of suh a target within a millimeter wave radar overage(0-20 km) is highly dependent on range due to the ompliated and distorted shape ofthe baksattered wavefronts, sine the radar is deep inside the targets near �eld region.Furthermore, the distane at whih the antenna mainlobe beamwidth in meters exeedsthe targets largest dimension may be several kilometers. In this ase having θ3dB = 1◦, theminimum range where the target is ompletely illuminated by radar main beam is 1640m. The measurement was onduted for a reeding plane, so the observed RCS valuesare from the tail of the target. As an be seen from Fig. 5.5, the RCS between rangesfrom 1000 to 2200 meters inreases with range, thus produing a nearly onstant radarvideo voltage. Measurement results for distanes over 2200 meters are not shown, sinethe aspet angle of the plane hanged after that. The inrease of RCS with range was,however, still present in the data, but the inrease slope in relation to thermal noise �oorwas not as steep as between 1000 and 2200 meters.Measurements of the RCS of a human being at Ka-band are not reported in literature.Our results suggest a mean value of -24.8 dBm2, whih is muh lower than the reportedvalues for 9 GHz (-3...+0.8 dBm2) [13, p. 11.16℄, 24 GHz (-20...0 dBm2) [117℄ and 76 GHz(-8.1 dBm2) [118℄. Our measurement result of a man periodially waving hands show�utuations aused by this movement in the order of 5 dB, see Fig. 5.6. The momentwhen the person had hands in upright position show RCS values that fall within a windowof 1.5 dB. This interesting measurement shows, that a person will be di�ult to detetagainst ground lutter bakground when the range inreases unless the radar resolutionell is adjusted (see setion 3.2). The e�et of movement is learly visible in the results,
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Figure 5.5: A measurement of Boeing 737-100 ommerial airliner showing the RCS be-haviour as a funtion of distane due to operation at near �eld region. The measurementwas onduted using a Ka-band radar.whih may provide enough information for signal proessing to be able to disriminate amoving person from typial lutter bakground. In stationary situations a person will notbe deteted from signi�ant distanes even with an extremely high-resolution radar dueto the low RCS of human being.The baksattering and attenuation aused by an explosion of a shaped harge at Ka-band was measured. The explosion took plae above the ground, and the re�etions andattenuation aused by the shok wave ionized front in the diretion of the shaped explo-

Figure 5.6: RCS measurement of a human being periodially waving hands. A mean valueof -24.8 dBm2 at Ka-band was measured.



82 EXAMPLES OF TARGET RCS IN MILLIMETER WAVE BANDSsion was measured. The explosion volume ontained very small amounts of partiles ofsoil and and other solid explosion produts, and onsisted mainly of rapidly ionized air,a plasma layer. The re�etivity data of the plasma, based on our measurements, as afuntion of elapsed time after detonation is shown in Fig. 5.7. Unfortunately, at the timeof the measurements, our test radar had not yet reahed its �nal assembly stage, so theavailable dynami range was limited to little over 20 dB. Therefore some portion of there�etivity data in Fig. 5.7 is slightly lipped from the top. The measurement range atthe test site was �xed, so moving the radar a bit further was not possible. However, dueto the fat that the lipping was not severe, the data is still useful.The volumetri re�etion oe�ient inreases to the level of η = −30 dB(m2/m3) after150 ms from the moment of explosion, and stays at that level for about 400-450 ms, afterwhih it starts to deay. Aording to Kulemin [97℄, the temperature orresponding tothe plasma resonane frequeny exists for 80-100 ms after the explosion, after whih arapid derease in refration index ours. Aording to our and Kulemin's measurements,though, the baksattering level remains at high levels for muh longer time than 100 ms.Kulemin reports a volumetri re�etion oe�ient of η = −17 dB(m2/m3) at Ka-band 600ms after the explosion. Their group had measured an explosion of a non-shaped trotylharge, and the radar was pointed diretly at the enter of the explosion.Simultaneously with the re�etivity measurements, the attenuation aused by explosionwas measured. A alibration target was positioned on a radar line of sight so that theexplosion volume that was being investigated was diretly between the radar and thetarget. An example of a single measurement event is shown in Fig. 5.8, where thesuessive baksattering ehoes from both, the explosion volume (blue urve) as well asthe alibration target (green urve), are averaged over a period of 4 ms. Both urves show

Figure 5.7: A sattering plot presenting the volumetri baksattering oe�ient values ofan explosion volume at Ka-band as a funtion of elapsed time after detonation of a shapedharge.
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Figure 5.8: An example of an explosion volume baksattering and attenuation measure-ment at Ka-band. The blue urve is the baksattering from the explosion volume and greenurve is the two-way attenuation aused by it. The moment of explosion is at t = 0.36 s.

Figure 5.9: The two-way attenuation of an explosion volume as a funtion of the explosionvolume baksattering level.



84 EXAMPLES OF TARGET RCS IN MILLIMETER WAVE BANDSthe relative level ompared to a situation before the detonation. The attenuation as afuntion of the explosion volume baksattering level is shown in Fig. 5.9. The average ofthe maximum two-way attenuation values, aording to our measurements, is 8 dB. Thepeak attenuation values have been in the order of 13 dB, whih orresponds well withKulemin's [97℄ �ndings (12-16 dB).5.3 Flutuations of target RCSTwo examples of target RCS �utuations are presented. Figure 5.10 presents the prob-ability density funtion and the umulative probability density funtion of a stationaryross-ounty vehile. The illumination time was 0.4 seonds with a Ka-band radar. Thedashed urves represent orresponding Swerling model IV pdf and umulative pdf. TheSwerling model pdf has been saled for readability, and does not orrespond with the y-axis. The umulative pdf is in sale. As an be seen, the Swerling model fails to desribethe behaviour of the RCS distribution of a stationary vehile, prediting a muh widerdistribution of target RCS than was measured. This example illustrates the need to reatea ompletely new database of the statistial behaviour of various targets in order to beable to design powerful signal proessing methods for a millimeter wave radar.Another example in Fig. 5.11 shows the measured pdf and umulative pdf of a Cessna 172hydroplane. The pdfs are shown relative to the mean RCS level of the plane. The illumi-nation time was 0.33 seonds with a Ka-band radar. Again, the orresponding Swerling

Figure 5.10: An example of a station-ary ross-ountry vehile RCS distribution.The blue urves present the measured pdf(dashed) and umulative pdf (solid). Thered lines are the orresponding Swerling IVmodel pdf and umulative pdf. The Swer-ling model umulative pdf is in sale, butthe pdf has been saled down to enhane thereadability of the graph, and does not orre-spond with the y-axis (left). The y-axis ofthe umulative pdf is on the right.
Figure 5.11: An example of a Cessna 172hydroplane RCS distribution. The blueurves present the measured pdf (dashed)and umulative pdf (solid). The dashed linesare the orresponding Swerling IV model pdfand umulative pdf. The Swerling model u-mulative pdf is in sale, but the pdf has beensaled down to enhane the readability of thegraph, and does not orrespond with the y-axis (left). The y-axis of the umulative pdfis on the right.



EXAMPLES OF TARGET RCS IN MILLIMETER WAVE BANDS 85IV model pdf and umulative pdf are shown with dashed urves, with the Swerling modelpdf being saled for readability. The umulative pdf is in sale. In this ase the Swerlingmodel �ts the measured distribution better than in ase of a stationary vehile, but stillpredits wider distribution than was observed.5.4 E�etive RCS and multipath propagationKa-band radar wave propagation was studied in a long road anyon where the measure-ment path is up to several kilometres long, ompletely straight and bordered on bothsides by tall, dense forest vegetation immediately at its left and right edges (see Fig. 1in [P11℄). Our target was a regular station wagon ar (Fig.2 in[P11℄). The aim of themeasurement was to verify the �lens e�et� disussed in [81, pp. 61-65℄ and to examinethe e�et of multipath propagation on target RCS. The lens fator rL is de�ned as follows:
rL =

1
√

1 + 2Rr1Rr2

(Rr1+Rr2)RL sinφ

, (5.1)where Rr1 and Rr2 are the range from the radar to the ground re�etion point and therange from ground re�etion point to target, respetively. The radius of the loal ur-vature of the ground is RL, whih is positive value for onvex ground and negative foronave one. Before the start of our measurements at the long road site, the road shaperelative to radar loation was measured using a theodolite. The result of the road shapemeasurement is shown in Fig. 5.13 (green urve). The shape of the road was used todetermine the loal radii of urvature orresponding to the di�erent target ranges. Themethod is illustrated in Fig. 5.12. First the slope fators of straight lines (AB and BC)between the spei� point under onsideration (B) and its adjaent points (A,C) weredetermined. After that two straight lines AB� and BC� perpendiular to the lines ABand BC were set to interset the lines AB and BC in the middle. The intersetion pointof AB� and BC� marked the enter of the loal urvature, from whih the radius RLwas alulated. The points with onvex urvature always ause dispersion of the radarwave thus dereasing the multipath e�et. The onave portions, on the other hand, have

Figure 5.12: Illustration of the method for estimating a loal radius of urvature.



86 EXAMPLES OF TARGET RCS IN MILLIMETER WAVE BANDSan e�et of fousing the radar signal. A Matlab-routine of the desribed method wasimplemeted.At ertain ranges the target was partially or even ompletely masked by the bulges ofthe road. This shadowing e�et was taken into onsideration by alulating the relativeportion of the vehile area that was visible from the radar site at di�erent ranges. Thepredited target eho return as a funtion of range is shown in Fig. 5.13. The dashedblue urve shows the target eho power predited by a basi form of the radar equation(Eq. 2.4). The power level is normalized to orrespond with the saturation level of ourtest radar. The solid blue urve represents the expeted target eho, when the shadowinge�et, lens fator (Eq. 5.1) and multipath propagation fator (Eq. 2.14) have been takeninto aount.The measurement results are shown in Fig. 5.14. The blak urves are the radar equation(dashed), and the radar equation with shadowing, lens fator and multipath propagationfator taken into aount (solid). The oloured urves show the target eho power fromthree independent measurements. As an be seen, the measured results are very loseto the values predited by theory. A radar equation alone, or the radar equation withmultipath propagation fator inluded, an not explain the seemingly anomalous behav-iour of target eho. The lens fator must be inluded in order to obtain more auratepreditions of target eho amplitude at ertain topographial environment. In [81℄ thelens fator theory was veri�ed at signi�antly shorter ranges (less than 50m). Our resultsshow the funtionality of the �lens e�et�-theory also in onnetion to longer radar rangesand multiple suessive onave or onvex portions.

Figure 5.13: The road pro�le of the long road anyon is shown with the green urve.The dashed blue urve shows the target eho power predited by a basi form of the radarequation, and the solid blue urve represents the expeted target eho when the shadowinge�et, lens fator and multipath propagation fator have been taken into aount.
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Figure 5.14: Three independent measurements showing the target eho power, relative tothe reeiver saturation level, at a long road anyon. The blak urves are the radar equation(dashed), and the radar equation with shadowing, lens fator and multipath propagationfator taken into aount (solid).There are, however, di�erenies between theory and pratial measurements results. Es-peially at ranges between 1200-1700 m the measured target eho is 5-7 dB lower thanwhat is predited by theory. Also between ranges 1750-2350 m the theoretial value forreeived power level is about -15 dB below radar saturation level, but in the �eld measure-ments the target at these ranges was ompletely lost. These di�erenies an be related toompliated propagation phenomena, whih would require more extensive measurementresults to be solved. Furthermore, the road pro�le was measured using 50 m steps inrange, whih in its part may ause minor inauraies in determination of loal radii ofurvature. The shadowing e�et was taken into aount assuming that the target RCS is afuntion of square of the visible physial area. This assumption may most likely be wrong,but due to the aforementioned di�ulties involved with using RCS simulation softwaresat millimeter wave frequenies (see 5.1), the major ontributors of the test vehiles RCSare not known. Therefore a linear dependeny was used in alulations.The e�et of multipath propagation does not only onern target RCS �utuations. Amajor di�ulty is related to the estimation of the elevation angle of a target. In the illu-mination geometry of a ground based radar, as was disussed in setion 2.1.2, the re�etedomponent is pratially always present. Depending on the radar antenna height, targetheight and target range, the strongest eho may our at an elevation angle somewherebetween the real target and the image of the target below the horizon. This auses se-



88 EXAMPLES OF TARGET RCS IN MILLIMETER WAVE BANDSvere troubles espeially for automati traking systems, whih onstantly align the radarantenna towards a too low elevation angle when traking ground based or low �ying tar-gets. An illustration of the alignment error is depited in Figures 5.15 and 5.16, wherephotographs taken through the arefully ollimated optial sight of our radar show theatual diretion of the radar antenna main beam in a situation where the target eho isat maximum level. The elevation angle in both ases is lower than what the atual targetelevation angle is.

Figure 5.15: An illustration of the ele-vation angle alignment error of a radaraused by multipath propagation as seenthrough the optial view�nder of our radar. Figure 5.16: An illustration of the ele-vation angle alignment error of a radaraused by multipath propagation as seenthrough the optial view�nder of our radar.



6 Notes on proessing algorithms tomillimeter wave radarsClutter statistis presented in Chapter 4 ombined with target RCS harateristis pre-sented in Chapter 5 provide tools for the design of radar signal proessing algorithms. Aswas disussed in setion 2.3, the statistial features of lutter and targets in amplitude andfrequeny domain govern the �ne-tuning proess of signal proessing methods in strive formaximization of target detetion probability while onstraining the number of false alarmon an aeptable level. An e�etive work on this hallenging �eld of radar tehnology isenabled by thorough �eld measurements of lutter and target baksattering as well asradar wave propagation in various operational situations. In this hapter additional notesonerning ertain issues that have to be taken into aount in the development of signalproessing methods are disussed.6.1 E�ets of mobile platformsIn Doppler proessing tehniques the spreading of target and lutter ehoes in frequenydomain due to system phase noise and osillator instabilities results in power leakage tothe adjaent Doppler bins. This may deteriorate the theoretial veloity resolution ob-tainable by the given ombination of illumination time and pulse repetition frequeny. Inaddition to the degradation of veloity resolution, the phase noise sidebands may om-pletely prevent target detetion, e.g. in ase when a slowly moving target is buried underground lutter sidebands. A mobile platform auses further degradation of the radar os-illator performane, whih an not be reliably modeled only with omputer simulations.Dynami simulation tools for moving vehiles are available, but in order to study theosillator performane in the true operating onditions of the moving platform, extensiveand well-prepared experimenting out in the �eld is required. Mobile radar systems faethe hallenge of shoks and vibration aused by their operating environment, e.g. roughterrain (see Fig. 1 in [P10℄), whih may severely degrade the performane of frequeny-generating devie. During the thesis work, a pratial test arrangement for mobile radarosillator stability measurements in real operational environment was outlined and as-sembled [P10℄.Interesting phenomena related to the shapes of the frequeny probability density funtionsof the osillator under test were observed in our �eld measurements. Our test asesinvolved four di�erent modes of operation of the platform. In two of the ases the vehilewas not moving, but had engine turned o� in one and running in the other ase. In the tworemaining ases the vehile was moving very slowly (less than 20 km/h) and with a speedof 50 km/h. Examples of the results are shown in Fig. 3 of [P10℄. Our observation wasthat the osillator performane was poorest at driving speed of 50 km/h and in situation89



90 NOTES ON PROCESSING ALGORITHMS...where the engine was idling. The idle motion vibrations have indeed stronger e�et onthe osillator than a slow driving speed, whih is learly seen when omparing graphs ()and (d) with graph (e) of Fig. 3 in [P10℄. These measurement results depit the osillatorbehaviour during a time period of 30 seonds. Measurements of osillator stability overlonger time periods were not onduted, sine typial radar proessors seldom utilize morethan 1-5 seonds of radar data. The frequeny stability of a mobile millimeter wave radarould be enhaned by the use of vibration absorbers and/or high quality rystal osillators.In any ase, the system phase noise performane in di�erent modes of operation of theradar platform have to be onsidered when de�ning the performane requirements of aradar system. The e�etiveness of even highly sophistiated signal proessing methods ispartially ditated by the quality of osillators of the radar system.6.2 Stationary and moving target detetionAs was disussed in setion 2.3, the traditional method for disriminating moving targetsfrom stationary man-made objets or ground lutter is the use of an MTI-�lter. Thisapproah is not suitable for a high PRF millimeter wave radar, sine e.g. an unmodi�edthree-pulse MTI aneller [13, Ch. 15℄ attenuates 30 perent of the unambiguous Dopplerfrequenies of the reeived signal at least or more than 10 dB, see Fig. 2.17. As an exam-ple, let us onsider a Ka-band radar utilizing a pulse repetition frequeny of 20 kHz, whihhas its unambiguous Doppler veloities between 0 and 43 m/s. A three pulse MTI-�lterwould redue the signal level of targets having veloities less than 13 m/s at least 10 dB,whih is not aeptable. Therefore a Doppler �lter bank, a real-time implementation ofFFT or equivalent methods that do not lose data must be onsidered.Even though the unambiguous veloity range of a Ka-band radar having PRF of 20 kHz isquite enough for ground based targets, muh higher radial veloities are urrently met inair surveillane systems. The unambiguous veloity range an be extended without sa-ri�ing unambiguous range measurement ability by hanging the transmitter frequenyfrom pulse to pulse or alternatively staggering the pulse repetition intervals [32℄. Thesemethods provide an unevenly sampled data set, from whih the true radial veloity anbe extrated even though the average sampling rate would be below Nyqvist riterion[119℄. A drawbak of uneven sampling is the di�ulty in estimation of power spetraldensity, whih is extremely hallenging to implement into real-time systems. Instead, onlya single frequeny omponent that best �ts to the interpulse phase shifts and time lags isestimated. The obtained frequeny represents the average veloity of the given radar elland depends on the signal-to-noise ratios of the individual Doppler veloity omponentsin that radar ell. Thus the method an not disriminate di�erent veloity omponentswithin the unevenly sampled data set, but the average veloity omponent of a radarresolution ell ontainig target and lutter an di�er enough from surrounding ells o-upied by lutter alone to allow the radar to distinguish a target from lutter bakground.In ase of stationary targets, the amplitude and frequeny information of the radar ehoesin most ases are insu�ient for detetion. The amplitude of a target may be in the or-der of or even less than that of surrounding lutter, and Doppler frequenies of groundlutter and a stationary target overlap in the spetrum. Image proessing tehniques an
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Figure 6.1: An example of radar eho of an approahing ross-ountry vehile measuredwith horizontal (bakground, light-blue) and vertial (front) polarizations at Ka-band.be used, but only in onnetion with high-resolution radars, in whih the target extendsinto several resolution ells. Radar polarimetry an be used to improve the probability ofdetetion and to redue the false alarm rate. For distinguishing a target in bakgroundlutter, the polarimetri features of both the target and lutter must be haraterizedand employed in target detetion. The polarimetri harateristis are often struturedependent. For example, the existene of strong ross-polarized omponent in the radarbaksatter usually provides a unique target signature. A polarimetri radar transmitsoherently with two orthogonal polarizations, e.g. linear horizontal and linear vertial,and reeives the baksattered ehoes on the same two polarizations. This results infour reeived hannels where both the amplitude and relative phase are measured. Themeasured signals in these four hannels represent all the information needed to measurethe polarimetri sattering properties of the target. In order to be able to haraterizedi�erent target and lutter types, polarimetri measurements are needed. An example ofradar eho of an approahing ross-ountry vehile measured with horizontal and vertialpolarizations at Ka-band is shown in Figure 6.1. If a omplex 2 x 2 polarimetri matrix isto be obtained, the ost and size of a radar system is inreased as four separate reeiversare needed. If the use of a single antenna is required, also the antenna feed arrangementbeomes more ompliated and may result in inreased loss of aperture illumination e�-ieny. Additionally, aording to our preliminary experiments, the di�erent polarimetrisattering matrix omponents in pratial situations may be di�er more than 15 dB, whihmay prevent the radar from obtaining some of the polarization signatures of weak targetehoes.Due to the high data output rate of our test radars, basi data ompression algorithmswere tested in order to redue the amount of data to be aptured for later analysis. Com-parison between the two methods showed, that a onventional �N-out-of-M� -approahdid not provide the desired levels of Pd and Pfa [P3℄. The data ompression methodthat worked more reliably, and had the advantage of preserving the average value of theompressed ehoes, used an approah where the radar eho was aepted if the average ofeight onseutive pulses exeeded the preset threshold value. This method provided gooddata ompression ratios while preserving the targets of interest. Data ompression wasneeded in onnetion with experiments involving operational aspets of radar use ratherthan in spei� lutter or target measurements.



7 Summary of publiationsIn paper [P1℄ the design outlines due to our �eld test arrangements are disussed andour portable monostati and bistati millimeter wave test instrumentation radars are pre-sented. A phenomenon related to the inrese of visually lear sky baksattering level inonnetion to meteorologial inversion layers at extremely old onditions (below -30◦C)is presented. The heavy meteorologial inversion layer, illustrated by the humidity andtemperature pro�les, hanges the harateristis of the two-way propagation path andthe resulting inrease in equivalent RCS of noise level is in the order of 10 dB. The soalled angel-ehoes are a known phenomenon at traditional radar frequenies (1-10 GHz),arising from areas having strong refration index gradients, but previous reports of thephenomenon at millimeter wave frequenies are not known.Paper [P2℄ desribes our Ka- and V-band instrumentation radars in more detail. Resultsof our lear sky baksattering measurements are presented, in whih variations up to 5dB around mean value were observed. Preliminary measurement results onerning thelens-e�et theory disussed in [81℄ showed, that the theory is valid also for relatively roughterrain environment.In paper [P3℄ our two basi data ompression algorithms were tested with real millimeterwave radar data. Data ompression algorithms were required to redue the amount ofdata to be aptured for later analysis in onnetion with experiments involving operationalaspets of radar use rather than in spei� lutter or target measurements. Comparisonbetween the two methods showed, that a onventional �N-out-of-M� -approah did notprovide the desired levels of Pd and Pfa. The data ompression method using an approahwhere the radar eho was aepted if the average of eight onseutive pulses exeeded thepreset threshold value was shown to produe good data ompression ratios while preserv-ing the targets of interest.A novel radar pulse width optimization method is presented in paper [P4℄. Very narrowbandwidths will generally give low noise levels, whereas the observed lutter amplitudeinreases if we employ longer pulses thereby e�etively inreasing the �noise� �oor in theradar reeiver thereby degrading the minimum detetable RCS. The limits that lutterreturns and thermal noise alone set on the maximum range of detetion for a spei�target RCS an be alulated for di�erent radar pulse widths. We show in paper [P4℄and in setion 3.2 of this thesis, that these maximum range urves onverge to produea solution for the optimal pulse width for a radar on�guration in given lutter onditions.In paper [P5℄ the tatial requirements as well as operational and environmental on-straints related to the upgrading of armored vehile sensor systems are disussed. Vertialaeleration values of a vehile hassis due to driving in rough terrain and using the mainweapon are presented. 92



SUMMARY OF PUBLICATIONS 93In paper [P6℄ an osillator prototype for a millimeter wave radar is presented. We present atheoretial disussion of the osillator phase noise impliations to radar signal proessing.Preliminary measurements onduted onboard a moving vehile showed the appliabilityof the osillator prototype as a primary frequeny generating devie of a moving millime-ter wave radar system.Paper [P7℄ desribes our simple retangular plate millimeter wave radar alibration targetonstruted for absolute alibration of our test radars. With a preise mehanial align-ment mehanisms and an optial sight the measured V-band alibration unertainty wasfound to be less than 0.5 dB and pointing resolution better than 0.05 degrees. Additionalabsorber ollars provide an easy way of adjusting the atual RCS and e�etively redueedge di�ration e�ets.In paper [P8℄ the synhronization possibilities of a bi- or multistati radar are disussed,and the use of an HF radio link is proposed as a solution. A ranging error analysis as afuntion of synhronization error is given.In paper [P9℄ ompletely new V-band lutter baksattering measurements and new re-sults obtained at Ka-band are presented. The illumination geometries, extremely lowgrazing angles (< 5◦) and perpendiular inidene, were seleted to orrespond with typ-ial situations enountered using a ground-based radar. The measured lutter souresinluded di�erent terrain types, typial Sandinavian forests and trees, and wet- and re-frozen snow overed ground.In paper [P10℄ an outline of a pratial test arrangement for mobile radar osillator sta-bility measurements in real operational environment as well as results of our �eld testmeasurements are presented. The measured frequeny probability density funtions ofthe osillator under test in four di�erent modes of operation of the radar platform showed,that osillator performane is poorest at high driving speeds (50 km/h) in rough terrainand when the vehile motor is idling. The author is not aware of previous reports of suhphenomenon.In paper [P11℄ the Ka-band radar wave propagation was studied in a long road anyonwhere the measurement path is up to several kilometres long, ompletely straight andbordered on both sides by tall, dense forest vegetation. The importane of inludingshadowing e�ets aused by road pro�le, multipath propagation fator and the lens fatordue to suessive onave and onvex portions of the road, into radar range preditionalulations were demonstrated by our measurement results. The validity of the lens-e�ettheory [81℄ was veri�ed in long radar ranges.



8 Disussion and onlusionsThe purpose of the work desribed in this thesis was to reate tools for radar performaneestimation in true operational environments and to demonstrate the feasibility of millime-ter wave band for radar appliations. Radar wave propagation and baksattering wasstudied in di�erent environments using real radar data obtained from �eld measurementampaigns, arried out using the test instrumentation radars onstruted within our re-searh group.In Chapter 2 theoretial bakground onerning the use of a ground based millimeterwave radar system is outlined. Emphasis is on multipath propagation, whih essentiallyalways e�ets the performane of a ground based radar regardless of the target loation(on ground or airborne). Furthermore, due to the short wavelengths (< 1 m) of millime-ter wave band, the de�nition of far �eld riterion has to be based on target dimensionsrather than the radar antenna diameter. This fat an not be overlooked, as was shownin Fig. 5.5 and related disussion, although apparently in the work presented in [81℄ ithas been inorretly negleted.In Chapter 3 the V-band test instrumentation radar used for onduting measurementsduring the thesis work is presented, and the test radar for Ka-band is presented in [P2℄.A novel pulse width optimization tehnique is presented in setion 3.2 together with dis-ussion of the radar antenna beamwidth de�nition. The radar resolution ell is de�nedby antenna beamwidth and main lobe shape and by radar pulse width and shape. Whenmeasuring the baksattering oe�ient of lutter, the nonuniform illumination by an an-tenna main beam an be aounted for using a beam shape orretion fator, whih in aseof a Gaussian antenna main beam shape was shown to be equal to using 1 dB points fordetermining the radar antenna beamwidth. Furthermore, it was shown, that an optimalradar pulse width an be found for di�erent ombinations of target RCS and bakgroundlutter re�etivity. Sine the thermal noise �oor is governed by the noise bandwidth ofthe reeiver and the e�etive lutter baksattering level is governed by lutter re�etivityand instantaneously illuminated lutter ell area, the pulse width seletion is an essentialfator in radar range maximization. In the latter part of Chapter 3, alibration issuesare disussed and the spei� alibration methods used for alibrating our test radars aredesribed.In hapter 4 an overview of our data aquisition methods used in apturing and storingradar data is given. Measurement results of radar lutter in typial illumination geome-tries enountered using a ground-based radar are presented for Ka- and V-band. Our lowgrazing angle lutter baksattering measurements as well as measurements at perpendi-ular inidene are ompletely new, and therefore omparisons with previous measurementresults of others are not possible. Comparison of our measurement results with groundlutter models presented in [67℄ and [97℄ show distint di�erenies, thereby neessitating94



DISCUSSION AND CONCLUSIONS 95dediated measurement ampaigns in order to be able to reliably estimate radar perfor-mane in true operational environments. Our measurements of vegetation spetrum show,that the spetral dependeny values suggested by Currie [67℄ and our measurements seemto di�er quite onsiderably in the behaviour of high frequeny omponents. New spetraldependeny values are proposed, and the summary an be found in Table 4.3. A previ-ously unknown phenomenon related to lear sky baksattering in onnetion to heavymeteorologial inversion layers is presented. Furthermore, in Chapter 4 new volumetribaksattering oe�ients of rain and snow at Ka-band are given. The results for rainsuggested by our measurements orrelate well with previous work presented in literature.Our measurement results of snow baksattering are ompletely new.Examples of target RCS values are given in Chapter 5, and measurements of the e�ets ofradar propagation at millimeter wave frequenies are presented. The �lens e�et�-theorydisussed in [81℄ was shown by our measurements to be valid also at longer radar rangesthan was presented in [81℄ and in onnetion with multiple suessive onave or onvexportions of terrain pro�le. Also, ompletely new radar signal attenuation and baksat-tering measurement results from explosions of shaped harges are presented. The resultsshowing volumetri baksattering oe�ient and attenuation of the plasma in explosionvolume after the detonation are summarized in Figures 5.7 and 5.9.Future work involves improving the �eld portable data aquisition equipment in order tobe able to measure temporal harateristis of lutter and targets. The importane ofpolarimetry is addressed in several soures of radar signal proessing literature, and thisaspet of lutter and target measurements will be inluded in the future work. Methodsenabling a diret assimilation of rain baksattering data with observed rain intensitieswill be improved. Furthermore, the lutter database will be further enlarged to over alsosea lutter baksattering in di�erent wind onditions.The lutter and target measurement results desribed in this thesis enable e�etive workin design and testing of millimeter wave radar signal proessing algorithms. Using thereal radar data, developing of algorithms an be done in software-environment, and pre-liminary tests an be onduted without any hardware implementation. If the amountof available radar data is large, algorithms an be extensively tested for data apturedin ompletely di�erent irumstanes and with varying lutter bakgrounds and targetsenarios. The performane of proessing algorithms ahieved using real radar data indevelopment stage is more e�etive than in ase only simulated data is used.As the �nal onlusion of this thesis, the following was ahieved:1) The feasibility of a ompat millimeter wave radar has been demonstrated in trueenvironmental onditions and several hardware solutions have been evaluated inonjuntion with pratial �eld measurements.2) Results of ompletely new baksattering measurements of soil, vegetation and snowovered ground at V-band are presented.3) New results of Ka-band baksattering measurements of soil, vegetation and snowat extremely small and large grazing angles are presented.



96 DISCUSSION AND CONCLUSIONS4) New rain and snowfall baksattering measurement results are presented at Ka-band. Completely new radar signal attenuation and baksattering measurementresults from explosions of shaped harges are presented.5) Measurement results showing an unknown phenomenon of variations in lear-skybaksattering of millimeter wave radar signal in orrelation with the existene of alow level inversion layer in the atmosphere are presented.6) A novel and easy-to-use approah for radar pulse width optimization has been in-trodued.7) Results of measurements aimed to verify a speial radar signal propagation phe-nomenon alled �lens-e�et� are presented and disussed. The suggested theory isshown to be valid also at long radar ranges and in onnetion with multiple sues-sive onave or onvex portions of terrain pro�le.
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