Helsinki University of Technology Department of Communications and Networking
Teknillinen korkeakoulu Tietolikenne- ja tietoverkkotekniikan laitos
Espoo 2009 Report 4/2009

RADAR SPURIOUS EMISSION: MEASUREMENT AND IMPACT ON RADIO
COMMUNICATION SYSTEM PERFORMANCE

Tuure lkaheimonen

Helsinki University of Technology
Faculty of Electronics, Communications and Automation
Department of Communications and Networking

Teknillinen korkeakoulu
Elektroniikan, tietoliikenteen ja automaation tiedekunta
Tietoliikenne- ja tietoverkkotekniikan laitos



Helsinki University of Technology Department of Communications and Networking
Teknillinen korkeakoulu Tietolikenne- ja tietoverkkotekniikan laitos
Espoo 2009 Report 4/2009

RADAR SPURIOUS EMISSION: MEASUREMENT AND IMPACT ON RADIO
COMMUNICATION SYSTEM PERFORMANCE

Tuure lkaheimonen

Dissertation for the degree of Doctor of Scienc&@aahnology to be presented with due
permission of the Faculty of Electronics, Commutia@raand Automation, for

public examination and debate in Auditorium S4 algthki University of Technology
(Espoo, Finland) on 11th of December, at 12 o'cloatn.

Helsinki University of Technology
Faculty of Electronics, Communications and Automation
Department of Communications and Networking

Teknillinen korkeakoulu
Elektroniikan, tietoliikenteen ja automaation tiedekunta
Tietoliikenne- ja tietoverkkotekniikan laitos



Distribution:

Helsinki University of Technology

Department of Communications and Networking
P.0. Box 3000

FIN-02015 TKK

Tel. +358-9-451 5300

Fax +358-9-451 2474

© Tuure Ikdheimonen 2009. Verbatim copying and distribution of this entire document are permitted worldwide, without
royalty, in any medium, provided this notice is preserved.
Articles included in print version: © as specified therein.

ISBN 978-952-248-155-9
ISBN 978-952-248-156-6 (pdf)
ISSN 1797-478X

ISSN 1797-4798 (pdf)

Multiprint Oy
Espoo 2009



HELSINKI UNIVERSITY OF TECHNOLOGY ABSTRACT OF DOCTORAL DISSERTATION
P.0.BOX 1000, FI-02015 TKK
http://www.tkK.fi

Author Tuure Olavi Ikdaheimonen

Name of dissertation RADAR SPURIOUS EMISSION: MEASUREMENT AND IMPACT ON RADIO
COMMUNICATION SYSTEM PERFORMANCE

Date of manuscript 28.5.2008 | Date of the dissertation 11.12.2009
Form of dissertation Article dissertation (monogram)

Faculty Faculty of Electronics, Communication and Automation
Department Department of Communications and Networking

Field of Research Telecommunications technique

Opponent Doctor Erkki Salonen and Doctor Antti Tuohimaa
Supervisor Prof. Sven-Gustav Haggman

ABSTRACT

In this thesis is presented a useful and econong@asnring principle with which rad
spurious emissions can be investigated under fegdditions without disturbing th
function of the radar in any way. The method présgiere consists of two parts: In t
time-domain parameter study is presented, how ddarrantenna rotation produces ra
pulses to the measuring receiver. Also is preseihiaad receiver parameters are defined
availability and use of radar pulses in the measard. In the frequency spectry
measurement part a new sweep measurement sysfgesented. In this measurement
YIG filter presented by ITU [1] is replaced by andar multistage tunable band-stop filt¢
which meets similar filtering characteristics, tissmore easy to use and a less expen
filter. It is explained how the needed measurentymamics are achieved and how
measurement time is determined and optimized ferdift situations. A two part measuri
approach like this has not been reported before.

ITU recommendations for attenuation of radar spigiemissions are updated to 1
dB below the radar nominal frequendyH) signal level. The fulfillment of these spurio
level requirements sets a hard challenge for meggsdynamics: dynamics must be mg
than 110 dB. The author provides in this work aisoh to this requirement.

This measuring method produces results, with wioica can conclude the relati
power level of radar spurious emissions and iteaefbn other radio services. In this wg
the spectrum produced by a 5 GHz weather radabéexs studied and the results have b
applied to study radar impact to terrestrial digitadio relay systems (TDRRS). Ti
achieved result is both very important and currand it can be utilized in the planning
new radar systems as also in the planning of nelw r@etworks operating in the frequen
ranges adjacent to radar frequencies. Possible ragtivorks in addition to TDRRSs th
can be interfered from radar spurious emissions \Wieeless Local Area Network
(WLAN), Worldwide Interoperability for Microwave Axa (WiMAX) and Ultra Wide Banc
(UWB) systems. These systems also can interfetenadar frequencies.
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THVISTELMA

Tassd tyossd esitelladn uusi kayttokelpoinen jalliedn mittausmenetelma jolla kyetaan

mittaamalla kartoittamaan tutkan harhasateilya thetdsuhteissa, hairitsematta mitenkaan tutkan
toimintaa. Kirjoittajan esittdmé menetelma sisdkaksi osaa: aika-alueen parametritutkimuksen ja
taajuusaluemittauksen. Aika-alueen parametritutkegsa analysoidaan ja selvitetddn kuinka

mitattava tutka tuottaa antennin pyoriessa tutksgaja mittausvastaanottimelle. Samoin selvite

aan

kuinka vastaanottimen parametrit maaraytyvat tuilsgien saatavuudesta ja kaytosta.
Taajuusaluemittauksessa esitellaédn uusi pyyhkaisgitdusmenetelma. Siind ITU:n [1] esittdman

mittauskytkenndn YIG-suodin on korvattu vastaavalkaiodatusominaisuuden tayttava
halvemmalla ja helpompikayttdisella moniasteiseildtettavalla kaistanestosuotimella (BS-filte

Mittauskytkennalla naytetdan kuinka saavutetaandittaza mittausdynamiikka ja kuinka

&,

.

mittausaika maaritellddn, seka optimoidaan eriukgpiasa. Tallaista kaksiosaista mittausongelman

l[ahestymistapaa ei ole aiemmin missaan esitetty.

ITU:n suositus tutkan harhasateilyn vaimennusvaatsalle on suurimmillaan 100 dB alle
tutkan nimellistaajuisenNF) signaalin tehon. TAma vaimennusvaatimuksen t@jtEn asettaa
mittausdynamiikalle kovan vaatimuksen: dynamiikdgtyy olla suurempi kuin 110 dB. Tahan

vaatimukseen kirjoittaja on tassa tydsséa vastannut.
Mittausmenetelma tuottaa tuloksia joiden perusdeetlidaan paatelld tutkan hairiésatei
suhteellinen tehotaso ja sen mahdolliset vaikutuksaihin radioverkkoihin. Tassd tytssa

yn
on

tutkittu 5 GHz:n sdatutkan tuottamaa spektria ji# Saatuja tuloksia on sovellettu digitaalisen

radiolinkin Terrestial Digital Radio Relay Systems{TDRRS) hairiintyvyyden tutkimiseen. Sadtu

tulos on erittdin tarked ja ajankohtainen, ja si@gdaan hyddyntaa niin tutkajarjestelmi
suunnittelussa, kuin tutkataajuuksien kanssa s#mtdlajuusalueille tulevien radiojarjestelmi

en

suunnittelussa ja kaytéssa. Mahdollisia muita tutkarhasignaalista hairiintyvia radiojarjestelmia

voivat olla esim., Wireless Local Area Network (WNA Worldwide Interoperability fo

Microwave Area (WIMAX) ja Ultra Wide Band (UWB) jpstelméat. YIlA mainitun kaltaiset

radiojarjestelméat, kuten WLAN, voivat my0ds aiheattaséirioita tutkan kayttdtaajuuksille, joista
jo kansainvalisestikin raportoitu.

Avainsanat tutkapulssin mittaus, mittausjarjestelma, mitthusamiikka, tutkan harhaldhette
saatutka, maanpadlliset radiolinkkijarjestelmékahairiot radiotietoliikennelaitteissa
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ABBREVIATIONS

0-128

0-span Spectrum Analyzer Work on spot frequency
3G Third Generation Cellular Systems

4G Fourth Generation Cellular Systems

2PSK 2-level Phase Shift Keying

4PSK 4-level Phase Shift Keying

8QAM 8-level Quadrature Amplitude Modulation

16QAM 16-level Quadrature Amplitude Modulation
32QAM 32-level Quadrature Amplitude Modulation
64QAM 64-level Quadrature Amplitude Modulation
128QAM 128-level Quadrature Amplitude Modulation

A

AGC Automatic Gain Control

B

BPF Band-pass filter

BSF Band-stop filter

C

CEPT European Conference of Postal and Telecommtimms Administration
(CEPT)

CwW Carrier Wave

C-band Frequency Band 4...8 GHz (for Radar)

D

dBc Variation from carrier level in decibel

DTIC Defense Technical Information Center

DR Dynamic range

E

EIRP Effective Radiation Power of isotropic antenna

ERP Effective Radiation Power

ES Errored second

F

FB Fly Back Sweep

FICORA Finnish Communications Regulatory Authority

FM Frequency Modulation

FM-CW Frequency Modulated Carrier Wave Radar
FMTV 8000 TV program distribution link

FW Frequency Window

G

GSM Global System for Mobile Communications
H

HF High frequency

HPF High-pass filter

I

IEEE The Institute of Electrical and Electroniasgiheers
IMT 2000 International Mobile Telecommunication<0R0
ITU International Telecommunication Union

K

Ku, K, Ka Radar frequency letter designations accordingaweeguide size
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L

LNA Low Noise Amplifier

LPF Low-pass filter

M

Max-hold Hold of maximum level on display of theesfrum analyzer

MMFR Maximum measured frequency range

MRK Mark generator shows frequency and power lav&A display

N

NF Nominal Frequency

NTIA National Telecommunications and InformationrAidistration

]

PCM Pulse Code Modulation

PDH Plesiochronous Digital Hierarchy

PMP Point to multipoint

PRF Pulse Repetition Frequency

PRR Pulse Repetition Rate

R

RX Receiver

S

SA Spectrum Analyzer

SDH Synchronous Digital Hierarchy

SES Severe Errored Seconds

SFS Suomen Standardisoimisliitto SFS ry (Standatdiz Organization of
Finland)

SHF Super High Frequency

SPAN Frequency Span

SPEED Speed of sweep of the spectrum analyzer

SWR Standing Wave Ratio

T

TRRS Terrestrial Radio Relay System

TARRS Terrestrial Analogue Radio Relay System
TDRRS Terrestrial Digital Radio Relay System
TR-switch  Transmitter-Receiver Switch

X Transmitter

U

UHF Ultra High Frequency

ULA Analogical audio broadcasting network (frequgiband 87.5 — 108 MHz)
UWB Ultra Wide Band

\Y

VHF Very High Frequency

VIEW Viewing state for display of equipment

VR Valtion rautatiet (State Railways)

w

WLAN Wireless Local Area Network

WIMAX Worldwide Interoperability for Microwave Acss

Y

YIG-filter Yttrium-lron-Garnet Filter

YLE OY Yleisradio AB, (Finnish Broadcasting Company
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1 INTRODUCTION

1.1 General background

The rising demand of useful frequencies for radimmunications has lead to more effective
use of the spectrum. The more efficient use of tspec has lead to the utilization of
channels neighboring radar frequencies. Also usfenfuencies interfered by radar, both
harmonic and non-harmonic interference, has ineskasherefore, the demands for even
cleaner nominal frequencyNF) spectrum and less disturbing spurious frequer&l) (
signals have increased. In the increasing amoumaddr systems all the time this causes
more and more interference situations between mddems and other radio communication
systems.

When the telephone trunk network was automatizeBimtand in the 1970's many
connections between telephone exchanges (PBX) imaite using terrestrial radio relay
systems (TRRS). The total or partial outages otaligRRSs lead to extensive interference
investigations and measurement campaigns espetiadigstern parts of Finland, where the
interference situation was most severe. Based egetimvestigations it was found that many
of the interferences were caused by radar signladsevorigin was located east of the eastern
Finnish borderline. Radar signals were observeweeidirectly on frequencies allocated for
TRRS use or theiSF signals spread to these frequencies causing enégxée. When the
Finnish aeronautical regulator (FINAVIA), former@Givil Aviation Administration, and the
Finnish meteorological institute started buildihgit radar systems also the amount of high
power radar stations in Finland begun to increbsaddition also the Finnish defense force
built their own radar system. This lead to systéenaspection of high power radar stations
in civilian use in Finland.

It is known, that radar signals always in additioriheirNF signal also contain small
amounts of spurious signals. These spurious sigaeds harmonic and non-harmonic
spurious frequency signals. Therefore other radimrounication systems than radars
operating on same or neighboring frequency bands tadeal with the received interfering
radar SF signals. One typical type of interference creatgdradar is a pulse signal burst
observed every 5...20 seconds. This interferenceesept always when the antenna main
lobes of the interfered radio system and the rawerlap once on every radar antenna
revolution (for example 6.66 revolutions per mineted s/full circle). This event will be
called “illumination” in the sequel. When takinganaccount the gain of the radar antenna
the peak burst power can be as high as in the Gigarange. While rotating the radar
antenna distributes pulse bursts uniformly in atections. If the pulse burst interval is
shorter than 10 second this may prevent digitaloragstems, for example TDRRSSs, to
return to availability state. If the interferif®F comes from a weather radar operating in the
5 GHz (C-band), the interfered system can be aleggelocal area network (WLAN), a
worldwide interoperability for microwave access WX), an ultra wide band system
(UWB), a TDRRS, a satellite telecommunications adio astronomy system or another
radar operating in the same frequency band.

General knowledge of both wanted and unwanted coemis in the radar spectrum
are needed increasingly. The International Telecomoation Union (ITU)
recommendation ITU-R M.1177-3 [1] presents a measent system for measuring the
unwanted spectrum components inside the radarrspe¢Appendix I). Due to the lack of
frequencies and in using neighboring channels taraystems this need is emphasized.
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Even though the amount of spurious signéd$) (around radar frequencies has been
decreasing due to development of radar the proldestill present. The number of radar

systems is ever increasing and due to economiaabres crossed-field type radio frequency
power generators are used and these produce langengés ofSF signals.

1.2 Related work

The returning radar echo pulse has been studiedvattdn about extensively in contrast to
minor documentation on the subject of interferesucé measurement of interferences caused
by radar. The ITU has stated the subject of thaifsignce of radaiSF signals and has
presented recommendations on measurement SF ITU-R RECOMMENDATION
M.1177-3 [1] and measurement results ITU-R RECOMNIENION M.1314 [2] and other
technical qualities concerning radar use (Appendikable and 1ll). In literature there can
also be found e.g. a National Telecommunicatiorss laformation Administration (NTIA)
report on radar interference measurement NTIA Repdr313 [3] and NTIA Report
TR 05-420 [4] that are based on the same princigées the ITU recommendation. Other
recommendations and reports on this subject aredf@s follows: ITU-R SM.329-10 [5],
ITU-R SM.1541 [6], RCG-27 [7], RRS-138 [8], Defen3echnical Information Center
(DTIC) [9] and Science Links Japan [10].

Information on the study of interference to digif@®RS caused by radar and their
measurement and the effects on availability or aeailability of TDRRSs as presented in
this work is found in some data bases. Informatormhis direction can be found in the
following documents: CCIR, Geneva; March 1991, Vioéu XV-4, Addendum Nol,
Question 159/9: "Effects of unwanted emissions,mfr&kadar systems in the radio
determination service on systems in the fixed sefvi[11l], H.U. Eichhorn, "Radio
interference into high capacity digital radi&pr 1989 Proc. 2.BCRR, p.187 [12],
ITU-R F.1190 [13], IEEE Explore [14], GFI 0501 repdl15], Bradley J. Ramsey,
"Investigations of Radar Interference to Sateliterth Stations and Terrestrial Microwave
Communication Sites.", Institute for TelecommurnimatSciences, Boulder, Colorado 80303
USA, IEEE 1998. [16] and NTIA Technical Memorandiiii-05-431 [17].

During these studies the Finnish telecommunicasiothority had decided to use a
measurement technique based on the same prindipiedid carry out the measurement in a
different way. The ITU recommendation is based pot $requency measurement done step
by step using the 0-SPAN function of the measuréneguipment, computer control,
computer controlled YIG filter and an adjustableeatiator. The new measuring system is
based on frequency sweep and the use of max-hoddidu.

1.3 Research problem

1.3.1 ITU recommendation

In the ITU recommendation [1] tH&F signal measurement is based on suppressing the hig
power NF signal with an optional filter. A band-stop filtdBSF) can be applied here.
Measurement of harmonic components can be donereittih a BSF or with low-pass
filters (LPF) and high-pass filters (HPF), thateatiate theNF signal sufficiently enough.
The measurement proceeds step by step while a ¢emjsucontrolling the measuring
equipment, a spectrum analyzer (SA), the adjusttdguator and the YIG filter. A suitable
low noise amplifier can improve the sensitivity.eTkignal power levels are matched with
the attenuator. This kind of measurement procedusesever, can not be used above the
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radarNF, because the YIG filter in this procedure is adpass filter (BPF) when a BSF is
required. Finding a suitable YIG-filter that can bemputer controlled in the 5 GHz
frequency band has made it difficult to apply theasurement system advised in the ITU
recommendation. The measuring method describedeabas proven to be unreasonably
difficult especially in field measurement. Due histreason a different measuring method is
described in this work. The YIG-filter is subst&dtby a BSF tuned to th¢F. In doing so
one does not have to take into account the highepbl¥ during measurement and system
components need not to be tuned after basic seipgt

A frequency sweep is used in this method createdhbyauthor and used at the
Finnish Communications Regulatory Authority (FICORAMere the outcome or the partial
results are available immediately after the sweemsweeps. Also the outcome can be
recalled from the memory of measurement equipmera kter time. The measurement
control in the ITU method requires computer contisiding up with the measuring method,
requiring no computer, presented in this work waisegnatural since mobile computer units
(i.e. laptops) were not common at the time the bthod was created. At FICORA this
method is still used with or without computer colling. The speed of the manual
measurement method is not depending on the measaotenethod itself but on the rotation
speed of the radar antenna and the technical dbasdics of the analyzer.

1.3.2 Study problem 1

In radar measurement (while antenna is rotatinggissonization of the rotation speed of the
antenna and the SA sweep tingd)(causes a problem. The SA measuring time is diffio
lock on the antenna rotation speed when one hddoan optimal solution between
measuring time and probability of completenesspeictrum measurement. After successful
synchronization one talks about a synchronized oreas method. However, if
synchronization is not achieved one talks aboutsythronized measuring method.

The high noise level of the SA (here the noise rigis 27 dB) and a modest
measuring dynamics (40...60 dB) are also probl@fmseduce noise level one can use a low
noise preamplifier (LNA). However, this leads te ttisk of SA overloading which therefore
results in the need of a BSF to attenuateNtheThe measuring dynamics can be raised with
both procedures described before (requirement d¥@rdB). The key factor for measuring
dynamics is a correctly dimensioned BSF. The abdity of a BSF can lead to problems in
the measurement. Recalibration of the system aftagifying connections must always be
done when using described components where the BSE frequency depending
component.

One must be able to determine the balance of gpaginow much spectrum can be
measured in different situations) because it depein@ctly on the measurement time used.
The measuring time and its optimization are keydiacfor the staff doing the measurement.
The use and determination of measurement paranieténe this work have varied and lead
to varying measurement time and this leads to tth@toutcome of the measurement being
doubtful due to varying measurement times. In tyeseof radar users and TRRS operators
one should be able to determine the minimum primeatistance between radar transmitters
and TRRS receivers to avoid interference betweesgethadio systems. Both the solution to
these measurement problems and their functionaliey described with help of example
cases.

1.3.3 Study problem 2

Applying results of radar measurement to an intedaligital radio system and the impact
on the system involves several problems. One hasmaow the modulation method of the
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radio system. Also one has to know the impact single radar pulse to the instantaneous
behavior of the decision process of the radio sysiad on the recovery from a possible loss
of synchronization. On larger scale one must sthdystate of the radio system and compare
its signal levels with the radar signal levels gdink budgets. This is one possibility to find
possible violations of the interference criteriattBin radio system planning and radf
signal filtering the effect of the other system mbe considered. In this work the system
states are compared with respect is characteristiesference with an example (radar vs.
TDRRS).

1.4 Scope and goals

Inspections prior to taking into use radio statigalso radar stations) and solving of radio
traffic interference cases are one task of theifimradio frequency management authority.
This includes the necessary measurements. Theimpgttant goals in this work are:

a) To present a measurement system that can befaus#te radar station inspections
described above and for interference measuremewderurield conditions with
sufficiently simple and economical measurementggent.

b) The goal of the measurement system is to ol#asufficient measuring dynamics
(>100 dB) to be able to conduct the required measants,

c) to measure relative spurious signal levels aagiuiencies and

d) based on the measurement results to estimatetédrgerence risk of surrounding radio
communication systems and to set possible restnigtio the use of the interfering radar.

- Additionally, one goal is to determine and optimihe time needed for measurement.

These goals have been realized as an applicaticstunlying a radar signal containing
spurious frequencies. Furthermore, by studyingudisinces caused to digital radio systems
by an interfering spurious frequency of radar sigmahe time and frequency domain and its
effect to the system status (has been investigated)

1.5 Contributions

A common problem is how to measure a signal neighoanother far higher powered
signal adequately reliable. This kind of signal tenfor example a rad&F signal 100 dB
lower than theNF signal of the radar. The author has in this warkalloped a measurement
method for the determination of the spurious sigrwdlhigh power radars. The author has
also implemented a measurement system with eagiljahle measuring equipment ending
up with a field capable, economically implementadd sufficiently reliable system. The
study made for this work focuses on solving thisbpgm and presenting a new useful
measurement system based on practical knowledgeliEfiedng from earlier measurement
systems. The novelty value of this measuremenesyst based on a simple, field qualified
and economical procedure that for the first timalgzes availability of radar pulses and
utilization in the measurement. This study on tireet domain parameters gives the
qualification to make measurements in frequencyalorn which a full picture of the radar
signal spectrum and its signal components can beepted with the sufficient 110 dB
measurement dynamics.

The author has clearly shown in this work that lsewer signals neighboring high-
powered signals can be measured with the new niegsuanethod even though the
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difference in level is over 100 dB. The measurenmeethod has been applied to determine
characteristics of radar interference signals wihiieradar antenna is rotating. This has been
done by extending the measurement dynamics andotiymiaing measurement time. Also
this work presents how to choose the different mesmsent parameter values to succeed in
the measurement and to be able to optimize the ureaent time. Radar interference into
terrestrial radio relay systems (TRRS) has beediesfubecause of the fact that radar most
commonly produces interference to frequencies bgetRRSs.

By applying well-known radio link budget principlasnovel method for estimation of
the protection distance between a radar and aatligitio communication link is developed.
The use of beyond-the-horizon propagation modedsnseto not have been applied in this
context earlier. A new contribution to the workeo§. a frequency regulatory authority is the
proposal to use a modified version of the new megseant system to check the sufficiency
of the protection distance by measuring the rautarfierence in the real situation.

Most severely radar interference influences digadio systems (TDRRS). Therefore
interference mechanisms impacting TDRRSs have btatied and applied to interference
measurement results obtained from the new measuatesystem. The approach could as
well be used to study interference impact to WLAMIMAX, UWB or any other digital
radio systems. Then the method must be adapteddiegdo the performance requirements
of each system.

1.6 Outline of the thesis

Chapter 2 of this work presents a few high power radio siggmurces. Near an antenna
radiating radio frequency signals the possibilifyirderference signals is not dependent on
whether the signal power comes from a "low powedbite cellular base station or a "high
power" broadcasting station. The attenuation ohdior signal propagating in free space is
proportional to the squared distance and frequeBoythe signal source power, the distance
between study point and object to study and thd frezmuency all play a major role when
evaluating the impact of the radar transmittertendisturbed communication receiver.

Radar, its basic operation and frequency bandsleseribed inChapter 2. A radar
pulse in the time domain and the corresponding pawectrum in the frequency domain are
also presented. The simulated ideal and the mehqoweer spectrum created by a radar
pulse have been compared. Radar power, radar dspaats of the mechanical construction
have been presented. Also inspection of radarssmneaent problems and interference
created by radar have been dealt with in this @raphe possible operating range in view of
health questions is presented.

Chapter 3 deepens knowledge about routine measurement af iggectrum. It is
also explained how to map unknown radar frequeniciesneasurement. Also the aspects
that must and how these must be taken into acaoli@h preparing measurements and how
the measurement equipment should be set up arenpees In this chapter it is described
with what measuring equipment and accessories #ssuanements in this work have been
done. The received radar echo, which usually isribst interesting factor in radar operation
has no significance at all in this work. The higheerest is focused on the transmitted
radar pulse and its measurable spectrum beforpulse hits its target and is reflected back.
At the end ofChapter 3 a flowchart how to map an unknown target (paisPresented.

The most important chapter in this workG&apter 4. In this chapter the developed
radar measurement technique is presented in dethilhelp of block diagrams and radar
budgets. The measurement technique has been imputiednia two different parts. The first
part is the time domain parameter measuremenhisrtiie pulses sent by radar are analyzed

19



and processed in different situations (rotatingespef radar antenna, width of the antenna
lobe, the repetition frequency of the radar andgtlenof pulse). This part gives the
parameters used in the later frequency domain memsut. This is the second part of the
measuring technique being presented here. It gweasurement results about radf
relative signal levels. The frequency domain meament can be made alone but the time
domain parameter study on its own does not givelltesof the different spectrum
components powers and frequencies. However, it shalpderstanding the whole
measurement technique and is therefore important.

One of the most important decisions influencing theasurement results for this
measuring method is the selection of measuringWwald. How this is done is presented in
Section 4.1

Various sweep measurement methods and optimizatiothe frequency domain
measurements are presented in the time domain pteastudy. These have been applied in
this work. At the end oBection 4.2the progress of the time domain parameter study is
presented in a flow diagram (part 2).

Radar measurement in the frequency domain givestsesbout power and frequency
of the spectrum components. Bection 4.3is shown how the systems (two different
versions of measuring system) have been set uglandhe signal flow from transmitter to
measurement equipment input is shown. Dynamics reaetl of its extension are shown
mathematically irSections 4.3.1and 4.3.2

In Section 4.4radar antenna features and their influence omrtbasurement results
and interpretation of these are discussed. Examglespresented both as measured in
practice and as calculated results. At the endraipter 4 the frequency and antenna impact
on the measurement are presented in a flow diagPart 3). INnAppendix V the complete
flow diagram is presented (Parts 1, 2 and 3).

In Chapter 5 a TDRRS is presented in the extent necessary Xamming its
interfered state. A brief arch of development ithte present time for national TRRSs is also
presented. Locations of link hops in Finland inest&@in radio band together with locations
of weather radar stations of the Finnish meteoioldgnstitute are presented in this chapter.
In Section 5.4the quality requirements for digital connectiome presented and mirrored
against interference produced by radar. The imenfie mechanisms are also described both
theoretically in time and frequency domains. Theasueement of interference to TDRRS is
presented using the same principles as were useddar measurement.

In Chapter 6 it is shown how radar interferes the TDRRS, howaih be observed
and how the interference can be presented in timdefeequency domains. A method for
estimation of the protection distance between &erfering radar and a TDRRS receiver is
given and results for several MQAM radio links atgown. Finally, the application of a
modified measurement system for the checking of gh#ficiency of the estimated and
implemented radar distance is outlined.

Chapter 7 summarizes the work and points out the main resuit their importance
for radar measurements from the point of view @& thgulator. Conclusions are drawn.
Advantages and limitations of the new measuremgsiems and the applications based on
the results are shortly evaluated. Proposals fthéu research are given.
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2 HIGH POWER RADIO FREQUENCY SOURCES

What is a high power radio frequency source? Thigstion can not be answered
unambiguously. The answer is depending on to wharice the radiating power is compared
to, in what situation the comparison is made andrevlthe comparing is made. The biggest
radio frequency source, mankind is continuouslyfromied with, is the Sun. The total
radiation flux of the Sun has been estimated be3r@p-16° W [18] or equivalently
296 dBm. A part of this radiation is radiation letradio frequency spectrum. Even though
the distance between Sun and Earth is 150 000 fiQCakradiation flux density of about
1370 W/nf [19] at the Earth surface is measured. The biggastof this flux is visible and
infrared light. Only less than 1% [19] of the powierradio frequency radiation. This
radiation is spread over the whole radio frequespgctrum. The frequency spectrum
between 3 kHz and 3 000 GHz is defined as radguiacy spectrum. In the universe there
can be found even bigger electromagnetic radiasiources, for example quasars (quasi-
stellar radio source). The radiation flux of quasartypically between £dand 16* W [19].
The distance between quasars and the Earth comfzatkd distance between the Sun and
Earth is enormous. Therefore the radiation amodnthese quasars at Earth surface is
insignificant.

Without the radiation of the Sun life on Earth wblde completely impossible. If
utilization of electromagnetic radiation of the Sisnexamined, its use focuses mainly on
visible light. Use of radio frequency radiationnmsnimal. If then interference of radiation
from the Sun is examined, it is found that rademfrency electromagnetic radiation power is
disturbingly high. Magnetic storms in the Sun faample cause big problems to electronic
devices at the Earth’s surface and to orbiting Ig&t® in space. Even under normal
circumstances there are problems in satellite temgpyhen the Sun and a satellite are seen
from Earth at the same direction.

High power radio frequency radiation sources caieséd by man are for example
broadcast transmitters. The power radiated fromUkd= TV transmitter antenna in an
analogue network was at the highest 1000 kW (ERB). [Equivalently radiated power in
analogue sound broadcast networks (FM) is at ighdst 60 kW (ERP) [20]. Powers of
broadcasting transmitters are concentrated to waparts of the radio frequency spectrum
and are usually directed towards the horizon (FM &N networks). This radiated power
can depending on propagation and terrestrial cistantes be utilized in reception at
distances up to 100 km. At the reception pointtbeer density is attenuated significantly if
compared to the transmitting antenna radiating po#ensity. Other high power radio
frequency emissions can be found between antermwar@des in plastic welders and glue
dryers in wood processing. In these processesattie frequency power is focused on very
small physical areas (high power density). Thisseauheating of the processed materials
and to welding of plastic or drying of glue in wopdocessing. Power density in these
focused radio frequency radiation points can beouf00 kW/nf. When correctly sealed off,
radio frequency interference is not found outskds équipment.

What about microwave ovens or mobile telephone pgent (GSM)? Inside a
microwave oven there is a high frequency field earteld usually from a power source less
than 1 kW. However this power is big enough tothetwater molecules inside the object to
be heated into motion so creating heat to get bigcoheated in a reasonable time. Outside a
microwave oven, when examining from this studiemswithere are usually found very low
power levels. This, however, can cause problenisrtexample a WLAN connection in the
same room.
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Radiating power from a GSM phone is usually maxiyndl W (ERP) for vehicle
stations and 0.2 W for portable phones and up @W8dor the base station [21]. If an omni-
directional antenna with 12 dB gain in the horizadqiane is presumed for the base station,
the radiation power density at a distance of adokm (free space loss) is 75&V/m?.
While using a mobile phone, at a distance of 5 érthe mobile phones isotropic antenna,
peak power density levels up to 6.366 W/oan occur. In time-division multiplex (first
generation GSM) the peak power density occurs dutiB part of the time. Average power
density that could be absorbed to tissue and ctissmge warming is 1/8 part of the peak
power density. Mobile phone antennas are constisdethat a minimal amount of radiated
power is directed towards the users head. The lbddiie user reflects about half of the
impacting power back. When using a mobile phoneptheer density influencing the users
head stays clearly under the recommended safetymmax value of 0.397 W/M[22].
Under present knowledge the radio frequency emisgwels of mobile phones are not
hazardous to health.

One big radio frequency source are radars. Radasggower as short pulses. In these
pulses the peak power measured including antennaiga the Gigawatt range. When the
pulse length is 1 microsecond, the pulse peak p&vEIGW and pulse repetition frequency
is for example 1000 Hz the average radiated EIRP i® 1 MW.

High power radio frequency is used in many prattagplications. In broadcasting
and TV networks transmitter power is one of the fagtors when one is at the same time
trying to gain maximum coverage at an economicedigsonable cost. Selected operating
frequency and technical solutions are also siggmific

Heating and melting of materials need immense amsooinpower. The object to be
heated or melted absorbs this power. Radio frequeadiation can be chosen as the power
source. Radar is used in air and sea surveilldncaddition to the selected frequency the
amount of electromagnetic radiating power of ragar key factor, when aiming for
maximum range of the surveillance area. The powemabile telephone network base
stations and mobile devices is relatively low. 8itice aim of mobile telephone networks is
not to gain maximum coverage with one base stalmmer power levels are adequate.
Maximum coverage is achieved by placing base statas tight as needed and by taking
into account user needs with accurately directeablaptable base station antenna solutions.

To sum up the above shortly, a high amount of edetagnetic radiation power is not
always a primary target in technical applicatidnssome applications maximizing power is
the primary target. In others it is not a key facts long as there is a high enough power
level. Also there are situations, when power levese to be very small but satisfactory
high to make it possible to obtain the approprggormance. A radio technical function of
this kind can be the measurement of a high powdiatian source. The use of this kind of
source can increase the risk of interference testlwece apparatus itself or in other electrical
applications in the immediate surroundings. In sarases the risk of interference applies
even to electrical applications very far from toerse.
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Figure 1. Radar patent from 1904.

2.1 Radar transmission

In nature there are several animals, which user ld@gasonar when moving or hunting. To
list up some of these animals using sonar, thexdats, dolphins, whales, certain birds and
even shrew mice. These animals send sonic or altiasound pulses and receive echoes
from these pulses. With help of these echoes tlay recognize their surroundings or
navigate or prey. Bats for example use sound fregjas in the range of 20...100 kHz. Bats
recognize their own echo that means that their ddaursts must be unique (coded). The
principle of technical radar (copied from naturehwmans) was invented 1904. At this time
C. Hulsmeyer patented his own innovation [23]. Pagent is shown in Figure 1. Both the
British and the Germans started developing raderéaNorld War 1. First after inventing
the cavity and vane magnetrons the real developwferstdar began. During World War i
the Americans were capable of producing magnetrmesled in radars at a rate of 2600
units per day. Radar proved itself very quicklyfukén war actions. Later it also became
useful in civil use.

The principle of radar is very simple. First a ¢hadio or audio pulse is sent. Then,
with an accurate clock, the time between pulsestrassion and echo reception is measured.
When the speed of the used wave in a certain medilitnown, the distance to the target
can be calculated and presented visually. Sometiqnesrises on how animal radars work.
Are bats using the same method? How accurate cldokihey have? Do bats know the
speed of sound waves in air and in water and haapéeature and moisture affect this
speed?
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Figure 2. Simplified schematic diagram of a puladar

A simplified schematic diagram of a pulse radapiiesented in Figure 2. The modulator
modulates the radar transmitter carrier (in highwgo radars typically a klystron or
magnetron)In this case the transmitter consists of a magnetso other techniques (i.e.
klystron, solid state transistor) can be used. figh frequency (MHz or GHz) and high
power (MW or GW) pulses are fed to the antennas Thidone via the transmit / receive
switch (T/R-switch). The returning echo is forwadd@érough the T/R-switch to the receiver
and demodulator. For displaying a cathode ray t#ebe used. It also is possible to store
the received data into a digital database for &rrfirocessing with a computer. The timer
controls both the modulator and the demodulatoutosynchronously.

211 Use of radar and frequency bands

The selection of frequency band is affected byitibended use of the radar. The realization
of the technical construction is the simpler th@dothe used frequency. Sufficient power is
also easier to create at lower frequencies. The \atdth and of the antenna in the measuring
direction (H=horizontal or V=vertical polarizatiomffects the accuracy of the radar. The
narrower the lobe the more accurate the radar (ibes not apply for SAR systems). The
impact of rain on the path attenuation of radio @savn dB in the frequency range

6...40 GHz is approximately a quadratic function refguency. The higher the frequency is,
the shorter is the measuring distance. Radar c@s#nal surface of raindrops and small
particles in the air is proportional to the poweurf of the used frequency. The impact of the
ionosphere is the inverse of the used frequencynaayd be significant up to 3 GHz. Use of

frequencies has been agreed on an internationad basl is documented in the Radio

Regulations by the ITU [24]. In Finland the regalahbas directed use of radio frequencies in
a national frequency allocation table [25].

Use (in Finland) of radio frequencies for radarsasegorized based on the intended use of
the radar systems:
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High frequency band (HF-band) 3...30 MHz

- Measurement beyond the horizon
- Long-range
- Low resolution and measurement accuracy

There is no allocated frequency slot for radaresystise in Finland in this frequency band.
However, a few exceptions have been allowed. Sodar@®eophysical Observatory of the
University of Oulu may use ionosphere sounding ramghe frequency range from 500 kHz
to 30 MHz in Sodankyl&, Enontekié and Muonio. Atee Finnish Meteorological Institute

is allowed to operate a radar system in the frequeange from 9040 kHz to 19990 kHz at
Hankasalmi.

Very high and ultra high frequency bands (VHF, UHFbands) 30 MHz...3000 MHz

- Long range.

- Surveillance of air space above the horizon.

- Medium resolution and measurement accuracy.
- No significant impact by weather.

In Finland the frequency range from 960 MHz to 1888z is allocated for radio navigation
/ radar and secondary radar use. Secondary radesed to receive flight information data
from an approaching airplane at the airport. Theplane sends its feedback with a
transponder. The frequency pair of secondary radar830 MHz/1090 MHz.

The following radar operating frequencies are uUgualamed according to the US
nomenclature for microwave frequencies.

L-band, 1...2 GHz

- Long range
- Medium resolution
- Some influence of weather

S-band, 2...4 GHz

- Short range surveillance radar

- Long range tracking radar

- Medium resolution

- Significant weather impact by heavy rain and siialv

In Finland the frequency range from 2700 MHz to B4W@Hz is allocated for radio
navigation / radar.
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C-band, 4...8 GHz (contain 3.90...6.20 GHz)

- Short range surveillance

- Long range tracking

- High resolution

- Significant weather impact by rain and snow fall

In Finland the frequency range from 5250 MHz to ®89Hz is allocated for radio
navigation / radar / weather radar.

X-band, 8...12 GHz

- Short range surveillance
- Long range tracking with high resolution in cleagather

In Finland the frequency range from 8500 MHz to A@WOMHz is allocated for radio
navigation / radar / ship-, boat-, controlling-naillance- and alarm radar systems and radar
transponders.

Also in the frequency range from 10.450 GHz to 00.&Hz allocations are made for
radio navigation / radar / controlling-, surveilten and alarm radar systems.

Ky — K —=Ka-band, 12...40 GHz

- Small size antennas
- Capable of operation in any weather

In Finland there are several frequency bands dbkocdor radio navigation / radar /
controlling-, surveillance- and alarm radar systeit®e bands are: 15.7007.300 GHz;
24.00024.250 GHz and 30.4086.000 GHz.

Millimeter band, 30...300 GHz
- Short-range tracking

In Finland there are two frequency ranges allocdtedradio navigation / radar. The
frequency ranges are 33.4@%.000 GHz and 76.0081.000 GHz.

To improve, extend or alter certain characteristi€sthe before mentioned radars it is
possible to have exceptions from the given frequédrands.

One has to consider the intended use of a radaemysvhen planning and
constructing radar. There is a difference betwesplalying the structure of cloud layers,
weather fronts or wind speeds and displaying mowabjgcts from behind clouds. The first
radar system described is a weather radar mappifegesht components (clouds, weather
fronts, e.g. and their intensity below 10 km atti#) of the atmosphere. The clouds, weather
fronts and their echoes are in this case primageta. The second radar system could be a
military radar, where impact from weather can bential to the system and must be
avoided. Also the aim can be in getting informatedyout targets and their speed. In this
case fixed targets are harmful and must be elimthaRemote sensing radar determines
topography and crust of the ground. The echoes tiiffarent types of solid ground shapes
are the most important observations. With this lohdadar it is also possible to for example
determine the thickness of ice or different grolaeers. Also surfaces of the planets in our
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solar system and their satellites and comets icesgan be remotely sensed by this radar
type.

2.1.2 Modeling of a radar pulse train

The output of the radar transmitter is a sequefshart pulses. A general representation of
this signals(t) in the time domain is given by Equation 2.1

©

s(t)= 2 x, (t -t Joos(27A, (t -t ) + ) (2.1)

k=-c0

In Equation 2.1
- X(t) is the infinitely long transmitted radar pulse sewce,
- ¢ is the carrier phase,
- t defines the time shift of the radar pulses,
- k'is the order of a transmitted radar pulse and
- f. is the modulated carrier frequency

This representation allows each pulg) to be of different shape and the interval between
the different pulses may vary.

In this context, however, it will be assumed thret pulse shape will not vary and that
the time interval between the pulses is constdnis fliesults in a periodic radar signal given
in Equation 2.2 .

<)

s(t)= > x(t —kT -t,)cos(2r f t + ¢) (2.2)

k=-c0

additionally in Equation 2.2
- T is the pulse intervallE1/PRR),
- to defines the time shift of the radar pulses,

An ideal radar pulse would be of rectangular shapeshown in Figure 3a. The practical
radar pulse, however, will have a finite rise tiare decay time and the exact shape of the
rise and decay will depend on the actual transmiiteplementation. A simple
approximation of the practical shape, also considediinite rise time and decay time, is the
trapezoidal pulse shape shown in Figure 3b.

Al Dx(t-kT-t,)

k

t, T=1/PRR

Figure 3a.
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Figure 3b.

The ideal rectangular pulse is defined by Equa2i@n.

(2.3)
T

x(t)= Arec(lj =

The trapezoidal pulse can be expressed as the lotiovoof two rectangular pulses as
defined by Equation 2.4.

_ L), r
x(t)=A rec(;} rect(ATj (2.4)

The peak power is for both pulse shapes

P

maxrect

A2 (2.5)

The average power of the rectangular pulse train is

r AT T
Pave,rect :? pulse:T :? I:)max (26)
The average power of the trapezoidal pulse is nbthin the following way
[ (t)d I
X (t)dt AT 2
Pavetrap = :Z_A\ J.(LJ dt+ Jdt
’ T T | J\AT 5
2 3
=2A AT2+£—AT :£A2 1_2Ar 2.7)
T |3A7° 2 T 3T

2AT
= (l_ § TJ Pmaxtrap
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When the pulse duratiom, is defined by the time difference between the Iaitver
instants, the duration of the rectangular pulse is

r. =T (2.8)

prect —

and the duration of the trapezoidal pulse

v =T -D7 (V2 1) (2.9)

pirap

The pulse spectrum is obtained as the Fourier transfortheopulse train. Equation 2.10
gives the Fourier transform of a periodic pulse train:

F{ 3 x(t- kT)}:% 3 x(ﬂja( f—l‘j (2.10)

k=—0c0 n=-oo

In Equation 2.10:

- X(f) is the Fourier transform of a single puige ),

- J(f —Dj is a Dirac impulse function at the frequericyn/t and
T

- F{ }is the Fourier transform operator.

A set of discrete spectrum lines thus constitute the spactf an ideally periodic radar
signal.

Equation 2.11 gives the power spectrum of the peri@diar signal.

S(f):T—lz S IX(nT) 8(f -nt,) 2.11)

n=-o0

Equation 2.12 gives the Fourier transform of the rectanguise.

F{Arect@j}=Arsindf 7) (2.12)

The definition of the sinc-function is

sindx)= Sir;(TZX) (2.13)

Thus the expressions of the spectrum and powertrsipe®f a periodic rectangular pulse

sequence are
AT & . n n

X f)l=— sing — f —— 2.14

el f) TZ {Tj{ Tj (2.14)
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Sealf)= A2 : ismcz( j ( ?J (2.15)

n=-oo
respectively.

Equation 2.16 gives the Fourier transform of tla@ézoidal pulse train.

{\/Z rec( j \/Zrec( j}=AT sin¢ fr) sin fA7) (2.16)

Thus the spectrum and power spectrum of a trapakpidse train are

Xao ()= ATZsmc{nrjsmr{nATj (f——j (2.17)

n=-o0

S\rap(f) i smcz( jsmcz(n%)d(f —2) (2.18)

n=-o0

Graphs of the power spectrum of the two pulse $raie shown in Figure 4 with logarithmic
power spectrum scale whAm /7 =0.2. (In practice this ratio maybe considerable smalle

resulting in almost equal power spectra in prattmnaasurement with a noisy spectrum
analyzer).

Relative Power Level [dB]

-20 MHz fae +20 MHz
Frequency shift of NF

Figure 4. Curve 1 represents rectangular spectrdmpuise and curve 2 a trapezoidal pulse.
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2.1.3 Radar pulses and their spectrum and poweacieaistics
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Figure 5. A measured spectrum of the simulatedradgmal

In Figure 5 a real measurement of a radar powertspa with a simulated radar pulse is
presented. It is of the form (sin xhAnd represents the power spectral density of titgep

train. 2(1/) equals the bandwidth of the radar transmissitr flrst sidebands power level
is 13.3 dB belowr.

The key characteristics of this pulse are:

- fne is the nominal frequency 5.615 GHz,

- T is pulse duration s (1B=1/1 MHz, frequency difference betwebifr
and first zero position of the pulse spectrum),

- fere IS repetition frequency 1 kHz, frequency differeraf two neighboring
spectrum lines (can not be seen in this figure) and

- with an ideal rectangular pulse as transmissiolsgthe power difference

between theNF power spectrum and the first spectrum side lob&imam
power spectrum is 13.3 dB.
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Figure 6. The shape of the measured pulse spectmtm different measuring filter
bandwidths.

In Figure 6 the frequency spectrum of a 1us simdlatdar pulse on the SA maxhold
display (maxhold is the maximum hold of the SA thsp is presented. The curves represent
the used 2 MHz, 1 MHz, 300 kHz and 100 kHz meagufilter bandwidthB,easin order
from 1...4. The maximum peak power level differensball in practice approach 10 dB with
the exception of curves 1 and 2 where the diffezest@all be 6 dB. The curve shape of curve
1 shows the radar pulse peak power level. The ailnetes do not show the correct level but
show a more exact curve shape for small bandwidths.

The radiated peak power from the radar's antenoaledhe transmitter pulse peak
power [dBm] added with the antenna gain [dB], whies transmission pulse of the radar is
not compressed and the transmission line loss tramsmitter to antenna or transmission
line frequency response is insignificant.

2.1.4 Mechanical assembly of the radar and spebiacteristics of the transmitted
radar signal

Due to high transmitted power the mechanical arettatal assembly of radar is a
demanding complex. A stable frequency oscillatat armodulator for switching on and off
the radar carrier pulse are needed. If the caossillator is incapable of producing the
necessary transmit power, an effective amplifiemé&eded. Additionally a high quality
transmission line is needed. The transmission bheuld withstand high power and
pressurization and should attenuate the transmifiower as little as possible. It would be
an advantage, if the transmission line attenuat@sndnic frequencies of the carrier.
Dependence on the used nominal frequency and tearanlobe requirements often lead to
a large antenna structure. A high reflecting swfaccuracy of reflector antennas is also
required.

Depending on the radar oscillator, a possible dmpliand the modulator the
spectrum of the radiated radio wave can containpoorants, which are not found in the
theoretical spectrum. It is observed that differelgctrical and mechanical constructions,
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needed to generate the final transmitted pulsegrgé® unwanted frequency components or
change the ideal shape of the spectrum. Propo$gi®wer and efficiency produced by
different pulse radar types are listed in the ITeEcammendation ITU-R M.1314-1
Appendix Il [2]. According to this appendix the hi&st pulse output powers can be
generated with crossed-field type equipment.@000 kW). This equipment has the highest
efficiency of all radar transmitter types, being lagh as 35...75 %. The lowest output
powers are found in semiconductor type equipmehé @ppendix also compares sizes of
mechanical construction, weight, ruggedness, tipeeted life cycle and relative acquisition
price. The crossed-field type equipment tends tthbebest in this comparison.

In the ITU recommendation ITU-R M.1314, Appendix il can be noticed that in
semiconductor type equipment the power level of-nammonic interference radiation is the
lowest, when comparing to theF power level. Seen from another point of view ceass
field equipment generates the highest output pptsger at the lowest cost. This crossed-
field equipment is crossed-filed amplifiers and feliént magnetrons. According to
Appendix Il all power sources produce too many harim signals with a relatively too high
power level. The demand for power levels of harrm@ignals is =100 dBc (100 dB lower
than theNF power level). The antenna solution can still attex distribution of radiating
pulse power in the different parts of the antemadgtion pattern. The ITU recommendation
therefore proposes supplying the radar with arfiie reduce harmonic signals. The
operating site of the radar mainly determines viiadl of power supply is selected for it.
The mains and weight of the signal power supple sind antenna size, for example when
using a mobile base, set their own criteria. Furttoze requirements and difficulties with
the feed of a rotating antenna must be observed.

2.1.5 Categorization of radars

Radars can be categorized according to their tremssom type. Pulse radar is the
conventional radar type that transmits a pulse ainimg fixed NF with fixed PRF
Traditional surveillance radars are pulse radarabkmg measurement of the distance,
direction and often also height of a target.

CW (carrier wave) radars are radars transmittirpratinuous carrier wave that can
determine speed of targets within the radar antemaia lobe. The determination of speed is
based on the Doppler shift where the frequencyhefdcho of the received frequency has
changed compared to the transmitted frequency.rii@asuring of speed is based on this
frequency shift. The CW radar can not determineadises. Radars used in traffic control are
CW radars. Carrier wave radars can also be usedriain surveillance (military terrain
surveillance radar). Here a detected movement enatfea to be observed is for example
indicated with a beep.

Distances to targets can be determined with FM-Gfars. When adding FM
modulation to the transmission of CW radars it Imees possible to separate one echo pulse
from another and then determine distances. FM-Ctldrseaare commonly used as altitude
meters in aircrafts.

Radars can also be divided into groups by the imcadf their transmitters and
receivers. Inmono-staticradar the transmitter and receiver are at the Saceion and
establish one entity. This is the operating pritecipr most radar. Radar with TX and RX at
different locations arbi-staticradars. In bi-static radassifficient isolation (small leaking of
the transmitting pulse into the receiver) betwes transmitter and receiver is achieved
easily. An expanded version of the bi-static radaa multiple locationsmulti-static radar.
Jamming of this kind of radar system has provepetdifficult. Also timing of the system is
difficult
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Here compression means the amplifying of radarepetgergy. This is done to achieve
detection of received echo pulses with a satisfggbower level even over long distances
and at high interference levels. The output peakgncan not be increased unreasonably
high in the transmitter. Decreasing the output peaker and increasing the length of the
radar pulse achieve the same outcome. The comprest® pulse contains more energy
than a non-compressed echo pulse. However, regewvinlong echo pulses lowers the
resolution in distance measurement. Therefore the @ulse must be decompressed in the
receiver. Leading the echo pulse through a matdhied does the decompression. This
results in a shorter pulse shape (resolution ofsemeament accuracy increases) still resulting
an energy level equivalent to the stretched oupulge. However this has not required a
rising of the output peak power.

The compressed pulse radar is frequency or phaskilaied, so that the bandwidth
increases. A matched filter truncates the lengtlthef returning echoes but maintains the
received energy level. A typical compression isnmally between 100...300. This means
that the pulse peak power can be reduced with #mesamount. Compression of the
transmitted pulse can also be used in pulsed ra@éth help of that, one gains savings in
power, improved resolution in range and reductiérihe influence of jamming. In pulse
compression radar the output pulse is extendedtapegak power is reduced. As a result the
same effect with less power is achieved when coetpavith the peak power of an
uncompressed pulse.

2.1.6 Adjacent channels to radar frequencies

If the radar generates unwanted spurious signgléecies they can be reduced to allowed
power levels. A low-pass filter can easily remowaerhonic frequencies. However, there are
problems in eliminating frequencies caused by spegrowth. The problem is caused
because the wanted and unwanted signal are overtamm separating the wanted from the
not wanted signal is very difficult without affectj the wanted signal. If the used radar
frequency is chosen so that adjacent channeldlacaid to other radio services, the risk of
harmful interference to these services increases.

This subject can also be considered from anotlevpoint. If the radar frequency is
chosen from other than internationally harmonizexhds for radar use, the risk of
interference grows significantly. These kinds afaafrequency selections have been made,
especially in military radar systems that existethie former Soviet Union and the so-called
Eastern countries after World War Il. Both oldedanore modern radar technology of this
kind are still widely in use. Radar signals fronegh systems are observed over the whole
Finnish eastern border region.

The Finnish Communications Regulatory Authority GBRA), former
Telecommunications Administration Center and evammér the Radio Department of the
Telecom Finland, have been collecting informatibow interferences described earlier on
the eastern and southern border areas. Mappiradaf frequencies has been made from the
1970's until today. The author has participatethist mapping process from its beginning.

The mapping was started because of disturbanceomwie sterrestrial radio relay
systems in eastern Finland. The automatizatiorhefRinnish telephone network began in
the 1970's / 1980's. At this time also in eastamaRd radio relay systems (240 channel
digital TDRRS) were put up to connect the telephtmek lines. Constant and sporadic
interferences were observed in the TDRRSs. At #meestime also radar signals that did not
belong to this frequency band were observed. Skvermections could not be taken into
use due to the interference caused by these rablase connections had to be replaced by
connections of a different type. Figure 7 presgyygal operating frequencies used by radar
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systems with their origin east of Finland. Compauaf the same frequency bands, which are
allocated for TRRS and other radio systems in Rhl@an also be made from this figure.

The frequency bands marked green in the figureaboeated to radar use. Similarly,
bands allocated to TRRSs are marked red and bamdbréadcast (BC) operation are
marked yellow. Observations of radar, which arethmir correctly allocated frequency
bands, are marked black. Radar observations mdrkesdhave been observed outside the
frequency bands allocated to radar operation. Baedashed line shows, which observed
radar transmissions outside the allocated bandslagpv with other radio systems in their
allocated frequency bands. These overlaps leaddsilple interferences of the other radio
systems.

Also it can be observed in this figure that radeg@iencies overlap with frequencies
used by television (TV) and radio relay systems.ewtaking into account that radar signal
spectra spread widely the risk of interferenceigmiicant. Radio interferences of radar
spurious transmissions overlapping with TV signalsBand Ill and Band IV have been
observed and investigated by FICORA for decades.
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Figure 7. Observations of radar signals and sigrfaten other radio systems

Radars operating in the 160 MHz band have typiclallgn part of radar systems located
behind the eastern border of Finland. These kiridedars have been located on Russian
radar stations all along the Russian border. Thase disturbed TV viewing in the VHF TV
[l band near the Russian border. Especially whan TV receiver is mounted with an
antenna amplifier and the antenna pointing to e, eviewing of analogue TV broadcasts
has been interfered by Russian radar as far agvisldyla and Mikkeli (distances of up to
250 km from the Russian border). Other radio systetterfered by Russian radar has been
for example radio systems used by VR Ltd in theeight station operating system
(160...170 MHz) in Kotka and Kouvola. Due to comneation between the frequency
management authorities of both countries the iaterfce situation has got better, but
interference still occurs from time to time.

Also radar systems operating in the 800 MHz bange Hzeen identified at Russian
radar stations. The frequency of these radarsrisivear to the highest UHF TV channel 69
(855.25 MHz). Interference on this channel hasbea&n observed yet. This is due to the fact

35



that UHF channel 69 is not in use in Finland so Radar systems operating in the 26 cm
wavelength band (3.4 GHz) allocated for radar wseslbeen observed in operation in these
stations. TRRS operating above 2 GHz are at riskheihg interfered by radar systems

operating in the same band.

2.1.7 Problems in radar signal measurements

Measurement of the electromagnetic spectrum ofrriadgifficult not only due to high radar
pulse power but also because of its assembly,itotatvay of operation, user safety and/or
other possible limitations. The measurement hdeetiocused on the radar output signal and
its features, when examining the spectrum for afigible interference effects to other radio
systems. There is no interest in the returning esfritie radar pulse. The work focuses on
examining the shape of the transmitted radar papeetrum. Examining the radar spectrum
itself, its location on the frequency axis, thefeliénces of levels of various frequency
components and their location with respecNtoand the effect of the antenna on the signal
path do this.

To use a spectrum analyzer (SA) with the largessipde intermediate frequency
bandwidth Bjg) for measurement of the spectrum is recommendhis. i§ done to get the
signal under measurement to pass through the Witdout distortion but the filter being not
too wide to reduce the sensitivity of the analyzemecessary noise summing to the signal).
The ITU recommendation ITU-R M.1177 [1] for the maeement bandwidth of
uncompressed pulse radar defines the SA measurémedividth as:

Beas= (1/7) (2.19)
where: -7 is the transmitted radar pulse half power (-3 di&gtion

The SA must be set to maximum hold and zero spdindd frequency is set at the SA and
the sweep is done in the time domain). The measamemntenna has to be adequately
wideband to make it possible to measure possibladi@c signals without having to change
the antenna. Additionally one needs an adjustatdawaator, a low noise amplifier (LNA), if
possible a YIG filter, a fine-tuned band stop-fil{8S filter) and both high-pass and low-
pass filters.

When one wants to clarify, how the radar signalmgacting another radio system
within a known distance, the measurements havestoonducted in the far field while the
radar antenna is rotating. The measurement carbalsonducted through the radars internal
test point. In this case the antenna impact cam@abnsidered and therefore there are no far
field requirements. Neither the possible transroisdine filter nor antenna rotation effects
will be visible. The radaNF and its antennas biggest dimension define wherdathfield
conditions start to be valid. The far field distari2z6.pp 28-31] is determined as follows:

_2D?
p)

r (2.20)

where: -r is the distance where the far field begins
- D is the biggest antenna dimension
- A is wavelength (all dimensiori3, r and A are in the same units)

The measurement should not be carried out staatitige distance where the far field begins
because the power level of the transmitter in tleénmadiation lobe would be usually too
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high at the input of measurement equipment. Hehegh attenuation of the signal to be
measured would be required. For example a far bélal 5.625 GHz weather radar begins at
a distance of 0.662 km when the antennas biggeserdiion is 4.2 m (for parabolic
antenna). In exceptional cases the measurement begiorced to be made in the radar near
field area for example at the half far field distan

The measurement distance should be chosen (optinizs follows. The
measurement point must be at a distance so thagaime of the whole signal path (e.g.
antennas, the possible attenuator, the filterathglifier and the transmission line) increases
to its highest level for proper SA operation. Hoeevthe analyzer shall still display
correctly. In literature [27] this level has beaported to be (—40...—20 dBm). Very often
this range is not achievable and one must settle ascompromise. If the signal peak levels
are for example at a level around (—10 dBm) onetrbesertain that the signals displayed
by the analyzer are real signals and not cause®ifgion-linearity. Decreasing of the input
level of incoming signals can do this check. Hdleiaible signal levels must be reduced in
the same proportion. On the other hand, howeveheifsignal levels are below (—40 dBm)
measurement dynamics is reduced.

One must settle with compromises when there is utalsle measurement site
available in the feasible measurement range. Alscetcan be significant terrain obstacles in
the measurement direction. A best possible meagpamt would be situated in a lake area.
The point of the radar might be located so higthenterrain that the radar antenna main lobe
does not hit the measurement antenna. This carehapghe radar's security construction is
limiting the minimum tilt angle to horizontal levéd degrees) when the required tilt would
be below horizontal level. Often using of even hontal level may be limited due to
residential buildings near the radar. This coukllein problems because the measurement
antenna will not meet the radar main antenna lobe.

The distance of the measurement point must betedlao that no health hazards to
humans exist due to too high radar signal powesitieevels. With the weather radar
mentioned before on operating frequency 5.625 Gidzhighest average power density may
under supervised conditions, in which the measunénséaff may operate, be at most
50 W/nf. The corresponding value for the whole populatiay be at its highest 10 Wm
If the maximum pulse power radiated by the rada&.8& GW the mentioned weather radar
power density at the far field distance at 662 msets 1.144 W/rh With the far field
distance divided into half the power density is6Z.5V/nf. Sometimes the measurements
may have to be conducted with one of the radamamate known side lobes. This can be for
example 40 dB below the main lobe power. In theses the radar antenna must not rotate.

The measurements should be conducted with the megseguipment inside a van
with side doors closed (this corresponds nearlgraday cage) or the van positioned so that
the side door is opposite to the measuring diractio practice it has been noticed that even
though the average power density at the measumgf 8 within acceptable limits (for
example under 0.5 W/nthe pulse power causes interference to the measunt without
the metallic van body shield. When conducting firldasurements outside a car even high
quality measurement cables, proper connectors dapters and equipment shielding do not
protect against interference caused by high poeaesities.

In many types of radar the output power is switclo&dwhen the antenna is not
rotating. In many of these cases this function wah be mechanically bypassed, without
violating safety regulations. This causes diffimdtfor the measurement process since the
rotating antenna main lobe illumination time of theasurement antenna is very short. (This
work is focused on studying weather radar. Theeefisrtechnical parameters are used in the
examples.) This time can for example be 25 ms perrotation of the antenna, when the
antenna is making one full revolution in 9 s and #mtenna main lobe is one degree. All
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measurements should be made in this short timeer8ewf these 25 ms bursts repeated
every 9 seconds will be needed to make a comprafeemeasurement.

2.1.8 Radar inspection by the authority and itssueaments

The use of fixed high power radar is subdued tenlsing. The licenses are issued in Finland
by the frequency regulator FICORA. The radar lieerssgranted after the radar has passed
its inspection. An inspection is also required fdt other high power transmitters if
interference problems are present. Additionally remar transmitters all broadcasting
transmitters require an inspection (however shammtlocal BC transmitters with an output
power under 50 W have not been inspected due torttieimal interference risk).

The inspection does not consider the functionatitythe radar receiver. To map
possible interference risks the radar transmittdr&sacteristics are inspected. The inspection
targetsNF, measured radiation power (average peak pulse powes signal level of
harmonics, the levels and locations of non-harmaigoals on the frequency axis and the
radiation ofNF andSF signals of the antenna. Additionally before esghithg or moving a
radar to its place of operation (for example militenovable radars) its place of operation is
coordinated between the radar operator and thedrezy regulator. This is done to prevent a
situation where the radar would be too near tolsrotadio system. A worst-case scenario
for example would be a radar station placed in Vi a terrestrial radio relay system hop
or too near a relay station.

2.2 Summary of Chapter 2

Different sources of electromagnetic radiation wpresented in this chapter. Also their
power levels, the influence of the distance useaysaof use and possible drawbacks were
compared. Different radar types have been presentddtail. The radar operational basics,
frequency bands allocated for use, use for diffepnmposes, construction mechanics and
generation of radar spectrum have been explained.

The author has for several years participated ippimg and measuring of radar based
interference in radar operating environments. Basethese measurements the necessity of
systematic mapping of radars and their transmissionview of interferences is shown
(accepted inspection of a radar is the key ruletaking it into use). Also possible
interferences generated by radar on adjacent clerore channels not neighboring tNé&
and radar harmonics have been mapped. Additionallythese also most significant
problems, like high radar pulse power and wide measent dynamics, in radar
measurement have been treated. Based on theset fiagisesented what measurements the
frequency regulator has to carry out while inspegtadar stations.
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3 MEASUREMENT OF A RADAR SYSTEM

3.1 Echo measurement in radar operational use

The majority of radar measurements comprise meammeof the returning signal i.e. of the
echo. In these all possible information includew ithhe echo is tried to be utilized. The most
important information utilized from the echo pulseinformation about distance of the
measured target, direction, speed, height and lfessature of the target. This information
is readable instantly from the radar's display ibuiore precise determination the results
have to be calculated and combined to other infionaavailable about the target or to
earlier knowledge based experience. Numerous edlonlalgorithms for prediction of more
versatile, accurate and reliable results have lieseloped (and are still developed). The
transmitted pulse is often shaped to get more ateuesults. One way of this shaping for
example is compressing of the transmitted pulseo Aifferent polarization in transmitting
and receiving can be used.

The important elements of the atmosphere for weatigar are interfering targets to
the surveillance radar and make its wanted measmerasults worse. The echoes received
by weather radar are compared to earlier receiwtnbes from known weather patterns.
From these the quality of the target, its compositits size, its movement, its variation and
other interesting information is determined. Theatment of the information obtained from
the echo consists of a lot of calculation before @ets for example weather maps or
predictions qualified for publication.

3.2 Radar spectrum from interference point of view

Searching through databases finds the method reeoed by ITU-R [1] for measurement
of harmonic and non-harmonic signals. It gives aioms for measuring interference
radiation of radar and presents measured radiatedloes. The NTIA Report [3] for
measuring interference radiation is also founchenknowledge database.

When transmitting ideal short radar pulses witloastant repetition rate they are seen
in the radar spectrum as regularly shaped envelopeboth sides of th&lF. This is
presented in Section 2.1.2 Figure 5. Dependinghenoscillator type used in the radar its
transmitted spectrum is not regular and symme#fscdescribed earlier in Section 2.1.3 the
crossed field type oscillator produces the most-mamonic signals. A crossed field
oscillator produces the highest pulse peak pow#roni a separate amplifier but it has low
suppression of non-harmonic signals. The signatsiael the ideal radar spectrum can be
very high.

In Figure 8 one measured spectrum shape of a weeddar is shown. The used
measurement bandwidth is 2 MHz. The measuremeperi®rmed in 400 MHz segments
around theNF (in the pictureNF is marked withfyg). After this the results have been
processed with a calculating program. This radaqgisipped with a harmonic filter that cuts
unwanted signals above tidF signal. The figure also shows how the spectrum guow
spreads on frequencies lower than lteand some spurious spectrum components are only
40 dB belowNF power level. The unwanted signals can be discavarefar as 1.5 GHz
below the nominal frequenciNF). In this figure the spreading of spurious siginaguency
components is a real interference threat.

39



20

Sore . A/ “\\
I

SOV VA .

4000 4500 5000 5500 6000 6500
f
Frequency [MHz] NF

Relative Power Level [dB]

Figure 8. The measured spectrum of a weather radar.

In the table presented in Appendix Il one can ase that this kind of oscillator produces
harmonic signals. The measurement of these is it@posince it is known, that they are at
their worst only 20...40 dB lower than tiNF signal level. Usually the harmonic signal
occurs on frequencies used by other radio systewhssatherefore very harmful. Therefore a
harmonic filter with satisfactory attenuation iceenmended to be used on the transmitter
antenna feeder side of the radar.

After taking into use TDRRSs interferences produggdadar became a problem for
terrestrial radio relay systems. In the time ofrdstrial analogue radio relay systems
(TARRS) the microsecond class spurious pulses ddrsamade no significant interference
inside the 4 kHz wide analogue channels (obsemstioy the author from interference
studies 1975...2009). The spuriouses are receigepulses related to the accordiBF
while the radar antenna illuminates the interferadio system antenna. Radar causes
spuriouses into TRRSs because their frequency barelsoften adjacent to the TRRS
frequency bands. The TDRRSs are very sensitivhda pulse type interferences that radars
produce. This is especially when radar pulse peakeps are very high, in the range
1...10 GW.

3.3 Measurement system with spectrum analyzer - msarement routine

3.3.1 Mapping and measurement of an unknown radar

The intention of mapping unknown radar sources s¢lacted measurement location is to
find radar transmissions, determine their dirediand measure their frequency, pulse
repetition frequency, pulse width, antenna rotaspged and estimate the radiation power
and to find out their polarization.
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After positioning the measurement vehicle to thstlp@ssible location for measuring,
the preparations for measurement begin. First@dbiply needed measuring equipment are
taken out and the measurement system is set up.ifipementation of the system is
depending on whether the measurement is done amwarkradar station, for example a
national weather radar station, or is it a mapmhgnknown radar at an unknown location.
When a radar is measured the implementation ofrs@surement begins with positioning of
the measuring antenna. This can be done eithetdazyng the antenna on a tripod besides
the vehicle or on a measuring mast of the vehithe mast alternative gives the advantage
of large antenna height (up to 10 m) that resaltsigher signal levels due to elimination of
terrain cover attenuation but the disadvantagerigdr measurement cable lengths resulting
in a higher attenuation. The increase of the reckifield strength with an elevated
measurement antenna is typically larger than thecase of the feeder loss. In a terrestrial
radio relay system (TRRS) measurement the measaritenna must be placed at the same
height as the TRRS receiving antenna. In practicg a@ften is impossible. Therefore the
effective difference between the antenna heighthef measuring antenna and the TRRS
receiving antenna height has to be corrected mattieally.

As basis of the measurements presented in this wwekauthor has used horn
antennas made by Finnish antenna manufacturer |A&he technical values of these are
presented in Appendix IV. The measurements hava beeducted using HP measurement
cables, connectors and adapters [28] and a spectnatyzer (SA) of type HP 8565 E [29]
all manufactured by Hewlett Packard. The measurésnean also be conducted with other
equipment but these must have the same or beteifisptions as those presented here.

When measuring unknown radars the measurement isabtenected directly to the
SA input. When the measurement preparations (preddater in Section 4.3) have been
established the following parameters are set t&Ghe

- the nominal frequencyNF) to be measured,

- the bandwidth of the frequency band to be meas(®®AN) or the lower and upper
frequency limits,

- the IF bandwidthEe) and

- sweep time$7).

To make sure that all available energy from a fmsgiadar signal is fed to the detector of
the SA (and screen) used for measurement the S¥neders described above have to be set
to their extreme values. Since the length of thesjibe pulse is not yet known one has to be
prepared to measure a very short one.

The system usually needs no attenuator becausmnitbe assumed that the signal
levels of the unknown radar are not too high at$#einput. The storage of measurement
results can be done with either the SA's own memotyy connecting a plotter to the SA or
by capturing the data directly to the memory obmputer.

When measuring, i.e. mapping an unknown target, Bjpeis set to the highest
possible value (for the used SA 2 MHz). With thisdwidth the main spectrum component
of a 1 us pulse spectrum is not distorted signiigain the SA's intermediate frequency (IF)
filter. The video bandwidthBypeo) [27] of the SA must be set to an equal or higreue
than theBr. The fastest possible setting is chosen forSféin this case 50 ms). The lobe
width of the measurement antenna, type AU 15 /.1§,.for mapping is about 30°. This
leads to the need of redirection of the antennarsétimes in the horizontal plane. If the
antenna is redirected every few degrees and themplawvels produced by the target to the
measuring point are registered one can easily méterthe direction of the transmitter. If
the back lobe or the minimum between the known kides of the antenna is known these
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can also be used for determination of the direatibtihe transmitter. Using the latter way of
determination one usually gets more accurate edidtause the minimum between side
lobes always is sharper than the main lobe maximum.

Before the first measurement and before startirey rtfieasurement process after
modifying the measuring system one has always librage it. The reason for calibration is
to obtain the frequency response of the measuremsysiem as reference for the later
following relative power level determinations. Onan also check the operation of the
measuring equipment and connections and the coegstof the power level on the SA
display with help of the calibration process (tisishecked by calculation using the system
parameters and the technical specifications ofiteasurement equipment).

The calibration is done most easily if one can as&A possessing a tracking
generator (also an external generator is appr&)rigks substitute a signal generator
possessing frequency sweep mode was used. Disdonmpebe antenna cable from the
antenna output end of the cable and then connettiog signal or tracking generator starts
the calibration. All other connections of the setemain unchanged. The signal generator is
set to sweep through the same frequency band assé¢ao the used SA. The signal
generator sweep rate has to be set so low thahareat power envelope level without
interruptions can be achieved on the SA displayxMald set) during the measurement.
The achieved power level on the SA display (envelops function of frequency is the
system calibration envelope. Later measurementtsesan always be corrected with help of
the calibration envelope. When the power levelh# talibration envelope is known at a
certain frequency on the SA display the power leatghe antenna connector is also known.
The sweep time of the SA is held at 50 ms durirgctibration process.

When the antenna has been reconnected to the sylstemeasurement process itself
can take place. The SA display is set to View madd it is observed if signals in the
selected frequency band, in the selected direcmhwith the selected polarization can be
detected. When measuring an unknown radar sigralcan always assume that the radar
antenna is rotating and the persons performingnieasurement can not influence the
operation of the radar (for example a radar staiehind national border). In this case the
lobe of a rotating antenna with a rotation spee® aeconds per rotation illuminates the
measurement system antenna for 25 ms when the eadanna lobe width is 1°. The
rotation of the radar antenna and the SA sweep tioteexample 50 ms) are not depending
on each other. This causes the measurement anibmmanation and the SA sweep
sequence to coincide at random times. It is alssipte that coincidence is realized already
on the first revolution of the antenna. The wholapming of the frequency band to be
investigated, however, is done first after a satigiry amount of antenna rotations (the
power envelope level without interruptions is seenSA display). The amount of rotations
is depending on the width of the frequency bandd¢omeasured. Additionally the time
between sweeps of the SA (fly badkB)) is useless time for the measurement and the
measurement does not advance during this time.

When a radar transmission is observed its direcigotried to be determined by
turning the antenna. The polarization is determibgdtesting and in this case the work
proceeds in 9-second intervals. When these detations are done the mapping of the
spectrum begins. TheF of the observed radar transmission and the fre;yuband needed
for mapping are set on the SA. Also the SA disptaget to Max Hold mode. After this one
has, due to the rotation of the radar antennagaibfar the continuous power envelope curve
without interruptions and the maximum radar sigmalver having been achieved on the SA
display. After this the rough mapping is done angieture of the radar transmission
spectrum is available. However, the usable dynamscsiot very high. It is only the
difference between the signal peak power level thiednoise power level of the SA. The
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intention of this mapping is not to get completsufes about the radar spectrum, but as the
name says to map if some transmissions do existfasa@ from which direction and with
what approximate values they appear. If it is neagsto get more accurate values the
measurements must be conducted as measurementknofva radar system described in
Chapter 4.

A mapped radar spectrum is always treated likecavkinradar system. An example of
a mapping log is shown in Table 1:

Table 1. Radar observations from behind the Rudsiader. Observation point
Rannisvaara, Eastern Lapland 1991.

Date| Time/GMT| Frequency/GHg Level/dBm Direction/° mplifier | pol. | Object| Figurg
24 18.00 1.920 link
18.27 2.492 —18 160 V | radar 2.
18.33 2.557 —60 160 V | radar 2.
2.678 160 X \% radar 2.
18.40 2.471 —-20 160 H radar 3.
20.15 0.860 —18 X \% radar 4,
20.45 3.042 X radar

As can be seen from Table 1 there are several tel@missions observed from direction
160° (0° corresponds to North). They are in the esdrequency band, but probably at
different distances. Their measured power levefferdidepending on the distance and
propagation conditions. Also their polarizationsynaiffer. The accuracy of the direction
towards the radar stations is usually + 5°, whishaisatisfactory result when examining
radar transmissions. When later on conducting thewk radar measurement the radar
station is found easily with these values. At thlirme the radar station is tried to be
determined and located as accurately as possible.

The same radar can appear on different frequeneigsng about 20 MHz and with
different power levels at different times but ate tikame location. In this case the
identification marks of the radar are used for tmoa of the radar. These identification
marks are rotation speed of the antenna (very hrgluracy and always constant with the
same radar), thblF, the PRF and pulse length, that are determined from the behavior of
spectrum. The envelope of the spectrum is calledraldar "finger mark". It also is a good
identification mark.

The middle flow in Figure 9 shows how the mappingcedure itself proceeds in time
order. On the right necessary technical resouneesdiaplayed that at least are required for a
satisfactory measurement result in the differentspaf the measurement. On the left the
parameters based on a successful measurement as@ gthis flow chart continues in
Chapter 4 in connection with the time domain patemstudy).
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Figure 9. Flow diagram of the measurement procedran unknown radar system.

3.4 Summary of Chapter 3

This chapter states the reasons for why the radlae ptself is the most important object for
this work and not the echo pulse that has beerréghd he use of terrestrial analogue radio
relay systems has decreased in favor for terréstligital radio relay systems. The
interference into TDRRSs has emphasized the sogmitie of one interference source, the
radar transmissions. The spectrum of radar trarssoms has been of high interest in this
work. This chapter focuses on presenting the measemt of an unknown radar
transmission, the measures to be taken based se theasurement results and how the
measurement process proceeds both as text andflaw ahart. Also the measurement
equipment and some radar measurement observatiarnseaain location are presented.
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4 NEW TWO -STEP RADAR SPURIOUS EMISSION MEASURING SYSTEM

If radar antenna features should be considerefdamténna rotation can not be disabled, or if
the investigated radar can not be controlled byitivestigator, measurements have to be
performed with rotating radar antenna. The measentraf this kind of radar under field
conditions is very challenging. In this chapter awnapproach is presented to the
measurement with extended dynamics of the transthilignal from a rotating radar
antenna. A new feature in radar pulse measurensenhd introduction of a two-step
measurement. In the first step measurement of diameain parameters is performed. These
time domain parameters are utilized to set equipnmparameters in the second measurement
step where the radar signal properties are invegsgtijin the frequency domain.

4.1 Determination of measurement parameters in theme domain

This is the first time when radar signal measureneeperformed in two steps. In the first
step transmitted radar pulses are examined and tine¢ domain parameters and are
determined. Appropriate use of these parametersesnék possible to get satisfactorily
reliable results about the electromagnetic specteithrer, the exact shape of the spectrum
and pulse peak power or possible spurious radialiba following measurement parameters
are important:

1) Tsee IS the period of revolution of the radar antenna

2) Ty is the time during which the rotating radar anteiltuminates the measurement
antenna on each revolution, in this work calleghilination time, and

3) Np / Ty is the amount of radar pulses received by the mra@sequipment during one
illumination by the radar antenna.

The antenna period of revolution is measured wikogwatch or is determined from the SA
display. Setting the SA to 0-SPAN mode aid as measurement frequency does the latter.
When the sweep time in a single sweep is largar tha period of revolution of the radar
antenna the SA display displays two or more antenaé lobe spans on the time-scale
(Figure 10). From these (scale sizes¥ the period of revolution can be calculated. The
same is achieved if the radar antenna main loberoece is timed with a stopwatch.

A single sweep of SA

’ T30’ | .

N _ main lobe of

/ cycle time a radar
/ ST> cycle time
oo Te singleST

Figure 10. Determination of period of revolutionafadar antenna.
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The amount of radar pulses during a single illumarmacan be calculated when the antenna
rotation speed (Theo9) [revolutions/s], the antenna lobe widthadiond [°] and the radar
pulse repetition frequency’RF) [Hz] (shown in Figure 12) are known. When oneeang
revolution (360°) need3seo- [Seconds] the radar antenna illumination periodinduone
period of revolution is

TiII = T360’ D(¢ant Iobe/360) [ﬂ (41)

when the lobe width of the antennapigiohe[°]. The amount of pulsedNg) during this time
is

T, [s] OPRF [¥{ (4.2)
A
TiII
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Figure 11. Determination of the radar antenna 3lahdwidth §ant iobd-

The lobe width (Figure 11) can be determined wheris iknown how many pulses are
received during one illumination, how long the iflunation time is and what tHeRFis. By
setting theST so that the single pulses form a cluster on thes 8&play while the antenna
lobe is limiting the size of the cluster (3 dB lob&dth), the amount of received pulses
during one illumination can be counted. The illuation timeTj, is

T = N (_3 dB)D T (4.3)
where: -Ty is the radar antenna illumination time of the nuieasent antenna,
- Np is the amount of pulses during one illuminationt{e —3 dB point) and

- Tpi is the interval between two pulses (1 / PRF).

From this the antenna lobe width is:
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%[0] (4.4)

antlobe =
T360’

where: -@ant obelS the radar antenna lobe width (at the 3 dB point
- Taeer IS the duration of one radar antenna revolution.

I/Tpulse interval— PRF

T

pulse interval T

I

A

singleST= 50 ms

Figure 12. Determination of the PRF.

When determining th&€RF the SA'sST is changed to 50 ms. All other settings remain
unchanged. After a successful single sweep (thepwentains one illumination) tiRRFis
readable from the SA's display (Figure 12),

PRF[HZ] = 1/ Ty [1/s] (4.5)

The radar pulse length is defined in Section 2.1.2.

Additionally, the time domain parameter study gittes necessarfyW size (equals in
practice the IF bandwidth of the SA) for the swampasurement, th&8T and the total
measurement time per measured frequency band. Taetees may have to be adjusted to
get a reliable and accurate result.

The radar signal in the frequency domain is treatdtie second step. The parameters
obtained in the time domain parameter study andattaglable technical resources, that the
electromagnetic spectrum characteristics can besumed with, are used. These technical
resources and the actual measurement contain:

1) Available measurement antennas,

2) amplifiers,

3) attenuators,

4) filters

5) the SA, used as measurement receiver in thik,wor
and the specifications of these components, artdgtmore
6) received minimum power level.

The specifications of the measurement system ieclo@ndwidth, gain, attenuation and
noise levels. When comparing with the time domarameter study, the realization of the
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frequency domain measurement is a technical apjicdor extending the measurement
dynamics. This is done using the possibilities nogred before and the time domain
parameter study results.

This chapter also treats the problem of how thesmesment time is determined and
how the choice of measurement bandwidth &fhdan optimize it.

4.2 The selection of the measurement bandwidth

In this work several different symbols are used didfferent bandwidths. The different
bandwidths are defined as follows:

- Bmeas's the bandwidth of the measurement as availabla the SA. The target value of
Bmeas is Bref

- Br is the bandwidth of the SA with which the measuwratis conducted

- Breris the bandwidth, that is defined for differendaa pulses case by case

- B¢ is the frequency shift within the compressed pulse

- Baogg is the bandwidth measured at the filters —20 didtpo

- Bvipeo is the bandwidth of the SA's video filter

In the measurement of radar systems (known or umkrmadar signal) special attention has
to be given to the selection of measurement bartiwifhen the measurement bandwidth,
Bmeas IS Clearly lower than the reference bandwidih; the peak power level in SA max-
hold operation dependence Bfeasis 20 dB/decade, while the average noise powesl lev
dependence of this bandwidth is 10 dB/decadeBReysvalues clearly higher thaBes most
of the spectral content of the radar pulse is msiee measurement bandwidth and the signal
peak power level stays constant, while the averagese power level still increases
10 dB/decade whemBneas is increased. Behavior of the peak power to nos@ is
10 dB/decade wheBmeas< Bret, and —10 dB/decade Wh@peas™> Bret. BneasiS the bandwidth
of the measurement.

Bmeas Should always be set equal ®. when measuring the power level of
interference emission. Only when measuring radactspm shapes it is recommended to use
a narrower measuring bandwid®jeas= (0.01...0.1) Bret .

Typical reference bandwidths of radar are defiretbows:
Pulse radar without compression [1]:

B =1 (4.6)
where: -ris the pulse duration.
and with FM compression [1]:
B =(Bc/7)* (4.7)
where: -Bc is the variation of frequency during the pulse and

- Equation 4.4 is valid, wheB: >0

If the variation of the frequency is not knowngcén be roughly estimated from the —20 dB
bandwidth of the emitted radar pulse [6], Bgis~ 2Bc.
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With pulse code compression:
Bref :j/tchirp (48)
where: -teninp IS the phase coded "chirp” length.

If the bandwidthB,s can not be calculated, it can be determined bysorésg the received
pulse power of the radar for differeBieasvalues. The measurement is started with the
largest availabldeas WhenBneasis decreased the measured power change is tratked.
BmeasValue that first causes the radar power to deeream be used aB. The SA's
selection ofBj-values usually is very coarse (for example 10, BI), 300, 1000 and
2000 kHz). This can cause the power drop to be nadhjor a change of the measurement
bandwidth. Therefore the value Bk can not be defined accurately sincBavalue in the
SA equal toBes is often not found. UsuallB,er is in the order of 1 MHz and if it can not be
determined more accurate 1 MHz should always bd.u3ering the mapping process of an
unknown radar, however, the wid@s of the SA is used (in this work it has been 2 MHZz)

4.3 Study of time domain parameters, conditions fomeasurement and radar
pulse treatment

431 Treatment of radar pulses in the time domain

When the antenna rotation characteristics of thdar#& be measured can not be controlled
the radar has to be measured while the antengaisng. If thePRF of the pulse radar is for
example 1 kHz and the pulse lengthis 1us, the radar transmitter is then transmitfings
long NF carrier pulses once every millisecond. During réest of the time the radar receives
echo pulses. The measurement system for the ragteal shust be setup so that it is capable
of doing the measurement within thisu$ time when a single pulse occurs. The antenna
rotation sets an additional requirement. The measant has to be conducted when the
radar antennas main lobe is illuminating the mesasent antenna. Another additional
requirement is that only transmitted pulses duthmgy time of illumination coinciding with
the SA sweep create components of the radar trasgms spectrum on the SA display. An
adequate amount of transmission pulses have tocaagpeingST with the actual FW. The
minimum requirement for each frequency window (F3i¢g to be swept is at least one pulse
per sweep. If more pulses than one for each FW \oigitial are available it is possible to
speed up the measurement process. Alternativelfrélqeency range to be measured can be
extended. However, the speeding up is limited leySA characteristics.
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Figure 13. Basic diagram of radar spectrum measu@gin

The important parameters in radar measurementgaraimeter values of an example radar)
are presented in Figure 13. These are radar rotagieedlsso- (9 S), illumination time of the
radar transmissioy (25 ms) and radar pulses received during illunemattime N,
(25 pulses). The important parameters for the nreasent are: bandwidth to be swept
(f1...T), fastest sweep tim&T = 50 ms) and size of the frequency window to begwFW,

(2 MHz = highest suitable usable $%). With these parameters it is possible to measure
with a single sweep such a part (50 MHz) from tleejfiency band to f, that is possible to
be swept during one illumination. All radar pulgkat coincide with the sweep during one
illumination generate spectrum components on theiver's corresponding frequency band.
The measurement can be set up so that the frequremay/ is swept in chronological order
(synchronized sweep) or with a random pattern (ncissonized sweep).

The fly back time EB) in Figure 13 is shown as 16 long. In practicd=B +AT
varies in the used SA randomly with every sweepil®FB is constantAT varies between
48 ms and 80 ms. When tB&'is short (for example 50 ms...1 s) thB of the whole sweep
is big and its influence is significant. In thisseathe whole sweep always becomes
asynchronous. With a lon§T (for example 100...2000 s) tHeB of the whole sweep is
small and its influence is not significant. If ordpe single sweep is used the influent&B
+ AT to the measurement is non-existent. In this case can use the synchronous
measurement system. To make sure that Atfe variations do not cause errors to the
measurement results of the frequency band undersurmaent, FW overlapping
(10...100 %, even 500 % [9]) is used. This can obd& done in the synchronous
measurement.

The sweep start dela T of the total sweepST + AT) is a characteristic of the used
spectrum analyzer. It has not been defined in agogcification of the measurement
equipment. Neither has it been taken advantage ofdasurements. The variation & in
the equipment used in this work varies from analye analyzer. The asynchronous
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measurement requires a variable fly ba@ck part. This is due to the fact, that if there is no
variation between the antenna period of revoluéind the total sweep time the measurement
can get stuck in one frequency range. Alternatithy measurement might proceed with a
constant frequency increase. This would no longeasynchronous causing furthermore that
the calculation of the asynchronous measuremenhcdonger be applied in this case.

The radar named in the following examples, if ngasately mentioned, is a weather
radar with the assumed parameters as follows:

- fc (fn) is carrier frequency 5625 MHz (typical weathedar frequency range is
5500...5650 MHz),

- is pulse length 1 pus (typically used 0.5...2.5 us)

- PRFis pulse repetition frequency 1 kHz (typically ds200...2000 Hz),

- ¢ Is antenna lobe width 1...2°,

- Pnr is transmitter output power peak 200 kW,

- revolution of the antenna is 9 s and

- typical radar measurement range is 350 km.

In the following example it is shown how the swéiepe and frequency window size of the
measurement equipment are chosen. It is also slmwmnthe pulse length and antenna
rotation speed effect the measured frequency wirsloe:

Example 1 In Figure 13 the antenna lobe is 1°. The rad&rara illumination time

T 25 ms. This results in 25 received radar pulsesnguone illumination

gantlobe —
(25ms[(1 pulse/lms)). The radar pulses are transmitted every 1 ms. Tise gength and
power level have no influence in the time domairepeeter study if the energy of one pulse
is adequate for the measurement equipment to detetshow the spectrum components.
The pulse may not be shorter than 0.5 ps. ThisinegBneasto be at least 2 MHz (the SA
largest bandwidth in this work). To get at lease goulse in evernyFW (2 MHz) the
frequency band to be swept may not excé¥®¥d-(2 MHz/1 pulse)-25 pulses = 50 MHz
Because the radar antenna illumination timme(25 ms) is half of the ST (50 ms) the widest
frequency band to be swept during one antennaugwealis 2 - 50 MHz = 100 MHz. This,
however, can be achieved first after two succesBivminations. So at least double the time
will be spent (time of two antenna revolutions «f)9

The demand for at least one pulse per 2 MHz bantdwabe swept can be justified
as follows. A certairFW (equalsBi) in the measured frequency band is examined. When
the sweepindg-W displays the frequency band in questiéiV(sweeps through the band to
be measured with itST = frequency band to be measured dividedSBY50 ms)) at least
one pulse must be received when & is on the actual frequency band. If no pulse is
received the spectrum components on this frequdranyd to be measured can not be
displayed. No pulse, no transmission, no spectiirgap of possible spectrum components
is left at this measured frequency but it can llediduring the following illuminations
provided that coincidence of the actual FW bandaneceived radar pulse exists.

When summing up the swept frequency intervals eddiandwidth FW = B) it is
assumed that the frequency band to be measuredhbsagapless wheBe is determined as
the SA filter's 3 dB bandwidth. To insure the gapteess, th& intermediate frequency
(IF) parts can be summed up of overlapping frequentervals. When the overlapping for
example is 10% of th&g or the frequency band to be swept the frequenayd ia be
measured is ((0.9-2 MHz/1 pulse)-25 pulses)-2 MMH@. This means a slightly narrower but
probably more gapless measured frequency band.
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If the PRF of the radar is 200 Hz, only five pulses can beereed during one
revolution of the radar antenna. This leads basedtle above presentation to a
((2 MHz/1 pulse)-5 pulses)-2 = 20 MHz frequencydé#mat can be measured during one
antenna revolution. Equivalently with a 2000 RRF the widest frequency band to be
measured becomes 200 MHz. End of example.

4.3.2 Limitations of parameters and practical peaid in the time domain treatment

If the PRHFW -ratio is small, the condition of getting at leaste radar pulse into the
measured FW during one illumination period will et fulfilled. The measurement system
will see this as a missing pulse. This correspandsactice to a lowePRF. Naturally it is
not the case but the radar transmits pulses rdgwaacording to itRF. Due to unsuitable
measurement system settings this causes gaphethdplayed spectrum. To avoid this, the
SA sweep rate should be decreased. While the ettanna is rotating several revolutions
the measured spectrum shape or the peak powerisebetoming more accurate. When the
spectrum is monitored in the SA maxhold mode (hdlis maximum value on the SA
display), the phenomenon explained above loosesigtsficance. The envelope on the SA
display becomes gapless but the only disadvansatieiincreased measurement time.

Radar pulses can be received continuously accotdirige PRF of the radar, if the
rotation of the radar antenna can be stopped andritenna position can be locked towards
the measurement antenna. With the settings of Exafpihe spectrum shape is established
in two correctly timed SA sweeps when tAd of the totalSTis assumed to be zero (0).
Then the measurement time is 2-50 ms = 0.1 s.dfr#ddar antenna is rotating a total
measurement time of 2-9 s = 18 s is required. Thesarement time would be 50 ms (when
using the SA shorte&T) if the radar antenna illumination of the measgi@mtenna is equal
or longer than the useslT so the measurement is done in theory during oneacity timed
illumination from the radar antenna.

The SA technical capabilities may cause some résing to the measurements. The
FW (equal toBjr) to be swept can not be increased with the SAigmdxample. Th&W can
be narrowed but at the same time B#F of the radar should be increased or $ieshould
be longer to make it possible to measure an eqlaiyye bandwidth. In this case, however,
the measurement time and frequency band to be shegimes smaller and thus the
measurement time increases since more radar antevmlations are needed. The advantage
of narrowing theFW, however, is that the noise becomes lower andspgeetrum shape
becomes more accurate. At the same time the ratdise peak power level on the SA display
is lower. The level shown on the display has to treected by20[[bg(Bref /B,F) dB that is

then added to the displayed peak power level.
The maximumFW must be at least/t (2 MHz used in this work) because the
maximum power levels are measured. If the maxinfeN is smaller thafyz, a larger

amount of pulses is needed. Otherwise the pulgeseaeived too seldom and the measured
spectrum becomes gappy. Narrowing of B\ causes the bandwidth to be measured to
decrease correspondingly. The amount of radar puB&®F can not be increased
excessively because the radar use sets limitatoits Targets at a range up to 150 km can
be measured with a 1 kH2ZRF. This is due to the fact that the echo of the mevipulse
must be received before the next pulse is transdiitt

It is good to keep in mind the fact that the speutrmaximum power level
determination requires a wide ]/r) measurement bandwidth. The accurate spectrum shape

measurement requires a narr(()wc J/r) measuring bandwidth. If the radar antenna rotation
speed can be decreased the illumination time ofrteasuring antenna can be increased and
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the amount of pulses received increased. Therpitssible to sweep a wider frequency band
with one sweep. This results in a faster measurerii@et measurement time due to the same
reason, however, becomes longer when the antertatioro time increases. If the radar
station is located abroad the ra&&F and antenna rotation speed are not controllable.

With the method described above the measuremerdg tan be optimized in
accordance to the width of the frequency band tmbasured when considering if one wants
to measure the spectrum shape or the spectrum maxpower levels. The result, however,
is totally dependent on the radar parameters. Theserepetition frequency, antenna lobe
width, antenna rotation speed and the measuremeigreent parameters (the sweepk\y
size,STand intermediate frequency bandwidth possiblesto@ir)).

With a single sweep the maximum measurement frejuesnge MMFR) can be
expressed as Equation 4.9:

8 [MHz]= FW | MHz T | SECONd B|degres PRFC[pulses} (4.9)
N uses| PUISES 360° | degree second second

The size of the frequency band to be measurednigposed of the frequency band pditsx
shown in Equation 4.9 observing the possible indetiteg of the measured frequency bands.

In the following example the different pulse regmirents, the pulse availability and
the ST effect on the composition of a comprehensive spattre compared with help of a
simulation. The simulation has been realized bya@ph the radar transmitter with a signal
generator that generates a signal similar to arradasmission. Simulation is used here,
because of the problem in using real radar in theasurement. The signal generator is
connected directly to the SA input, with the outpiginal level adjusted suitable for the SA.
One unsynchronized single sweep is equivalent éorewolution of a radar antenna.

Example 2.1t is assumed that the rad@RF to be 1000 Hz, the antenna main lobe to
be 2° and the antenna rotation time to be 9 s @eslution. This results in receiving 50
pulses with a sweep time of 50 ms. The signal gémesamulating the radar transmitter
sends (like the radar would transmit) 50 pulsethénsweep time of 50 ms and 500 pulses in
the sweep time of 500 ms. The influence of receivadar pulses on the spectrum
measurement can be compared with the situation evtter SA is used in single sweep
mode. Here one sweep can be seen as the illunmndtiadng one revolution of the radar
antenna. Now one can calculate after how many nmilgrnuggered single sweeps (simulates
the amount of the radar antenna revolutions) tlkeetspm reaches its final and perfect shape.

When the frequency band to be measured is 10 Midztlae sweepindg-W size is
30...1000 kHz an&Tis 50 ms or 500 ms one gets a reference tablallas/§:

Table 2. The influence of the sweepifg/ andSTto the measurement time (needed
amount of antenna revolutions) in an unsynchronimedsurement
Frequency Assumed Total need ST/ms Availability Sg:tlgs;zd Tcgfgjrgt'gzl
range/MHz FW/kHz of pulses of pulses . .
revolutions | revolutions
10 30 334 50 50 30 infinite
10 30 334 500 500 2 1
10 100 100 50 50 30 infinite
10 100 100 500 500 2 1
10 1000 10 50 50 30 infinite
10 1000 10 500 500 2 1
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The first row of Table 2 contains the following anfmation. When the frequency range is
10 MHz, theFW is 30 kHz, andTis 50 ms the simulation with the signal generatat SA
shows that the almost complete spectrum shapert@rcexact average proportional part of
the perfect spectrum measurement is almost impessibevaluate) is obtained after 30
antenna revolutions. The minimum amount of needdsepus10MHz/30kHz= 334, but

only 50 can be received during one revolution. Taleulated average proportional part of a
completely measured spectrum is 99.9 % after 3@naat revolutions (explained later) when
50 pulses per revolution are available. For thissneement 30-9 s = 270 s of time is used.
In the case the number of received pulses is equdhrger than the requirement, the
simulation shows that two illuminations are needEdeoretically only one illumination is
needed. According to the display of the SA (SA hatson) a perfect spectrum is achieved
after two sweeps even though the SA display stiiolds invisible spectrum components.
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Figure 14
a. Simulated model of the received spectrum shipea@ne sweep.
b. Simulated model of the received spectrum shtipetavo sweeps.
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Figure 14a shows how the spectrum shape on thei§#ay is incompletely filled. The
black spectrum markings are gaps and the whitetgpeanarkings are filled parts of the
spectrum. Figure 14b shows a model of how the tapmcshape of a radar transmitter
becomes perfect on the SA display after the secweep with values given before in
Example 2. After receiving the second sweep altspen components are shown with the
actual resolution of the SA display.

4.3.3 Effect of measurement parameters on the measut results

It can be shown that the pulse bandwidth of thearatbmpared to the measurement
bandwidth affects the accuracy of the measured pealer level of the received spectrum
components and on the other hand the measuredrapeshape. A good approximation
value for the peak power level is achieved wh&as > 1h. Bmeas << 1/7 causes the

spectrum shape to be more accurate.

From Equation 4.9 follows that the maximum bandwidteasured during a single
sweep is proportional tBW andPRF. The period of revolution of the antenna has thmesa
effect. The radar antenna lobe width also affebes dize of the frequency band to be
measured (the wider the radar antenna lobe, the mamlar pulses are received during one
revolution and the wider frequency band can be orea. The amount of received pulses
for a successful measurement in a sweep effecesgaly on the size of the frequency band
to be measured (the more pulses are demandedatiemver the measured frequency band
will be).

4.3.4 Synchronized sweep

The measuring system for radar spurious comporgamtse realize either by measuring the
frequency window step by step or by sweeping thevadent frequency window. The author
has in this work chosen the sweep method. It carreladized either synchronized or
unsynchronized.

Figure 15 presents a synchronized sweep with typieather radar parameters:
period of revolution of radar antennidy ), bandwidth of the SABnea9 and sweep time of
the SA 7). In the synchronized sweep shown in Figure 15ftbquency band measured
during one illumination equalBW. During the next illumination th&W adjacent to the
previousFW is measured with some possible overlapping. Birealjjapless spectrum of the
intended bandwidth will result.
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Figure 15. The principle of synchronized sweep measent.

The FW bandwidth of the measuring equipmeBi (= Byef) is matched to the antenna period
of revolution. This has been done so that the #eqy band to be measured is swept
systematically with one single SA sweep over tleg@iency interval... f, when theSTand
the measurement time are 2000 s. The investigafidgheofrequency band to be measured
proceeds with a speed determined by the perio@\aflution of the radar antenna and the
size of theFW.

With the parameter values in Example 2 all radasgmilreceived during a single
illumination will contribute to the spectrum measuorents in the 2 MHEW while only one
pulse is needed. This waste of pulses results ongelr measurement time but ensures the
presentation of a more accurate shape and peakrpgews of the spectrum. The receiver
(the SA used here) uses only the energy of oneepallsa time and shows its spectrum
components. When the pulse shape and amplitudecstastant the SA always shows the
same spectrum for each separate pulse. Dependitigp gomogress of the sweep the spectrum
figure is generated on the SA display in stepsabse a maximurB is used for sweeping
andB,...21T.

The longest sweep time of the SA used is 33 min 2Qtise antenna of the radar to be
measured rotates one revolution in 9 s the anteasao rotate a total of 222.2 revolutions
for the whole measurement procedure. Within theetioh the 222 whole revolutions the
measurement bandwidth of 2 MHz is measured 222 stig@ing a total measuring
bandwidth of 444 MHz. The measurement bandwidtithés widest possible because all
pulses received are at the disposal of the measmtenAll other conditions remain
unchanged. This measurement system is suitableetrmining the spectrum maximum
power level when maximumB is used for th&W andBmeas™> 1/7 . If highestBjr of the SA
would be for example 8 MHz the measurement timehef above measurement would
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decrease to its fourth, or the measured bandwidthldvincrease four times with a single
sweep. The measurement results would still correspgonthe real power level of the
spectrum.

The measurement range is not critical but it hasettéaken care of that the radar total
transmitted power at the SA mixer diode (SA ingldps not increase above —20 dBm (it is
recommended to use an attenuator). It must be wixdéhat the SA only displays the part of
the power level falling inside tHeW but not for example power levels of harmonic signa
These, however, have influence at the SA mixeraihaking the measurement.

If the antenna rotation can not be stopped th&S%As selected as follows:

STS > (Wmeas/ Bmeas) [T360’ (410)
where: -WhneasiS the width of the frequency band to be measured,
- Tsge IS the period of revolution of the antenna,
- STs is the single sweep time
- BmeasiS (0.01...0.1) Bes and
- Bret = 1IMHz.

When knowledge of the exact shape of the spectsuwanted a suitable value fBfeasin
Equation 4.10 is 0.01B,. When knowledge of the pulse peak power is waatedrrection
of 20[Iog(Bref / Bmeas) has to be used with this measurement bandwidth.

Example 3This example shows the minimum single sweep timelagermined.
Following assumptions are made. The bandwidth tmbasured in single sweep is 1 GHz.
The radar rotation time is 9 s and the measurerbantwidth is 2 MHz as before. The
sweep timesTis then:

ST, > (110°/210°)®s=4.500s=1h15min (4.11)

In this example all received radar pulses durirgitlumination time on every revolution of
the radar antenna are available in 6Néto be swept. This measurement is most suitable for
determining the shape of the radar spectrum commpsrecause Bneasa 100 times smaller
thanBes is used.

The measurement time becomes longer than the SAesBweep (2000 s) can
provide. Therefore the bandwidth to be measuredibidse decreased @neashas to be
increased. The measurement, if possible, shoulded out with the radar antenna halted.

4.3.5 Unsynchronized sweep

If the radar measurement with the radar antennatingt can not be done with a
synchronized sweep it is possible to use an unsgncted sweep. With an unsynchronized
sweep is here meant that the sweep of the frequieacyl to be measured and the antenna
rotation are totally independent of each other. Tigsults in random radar antenna
illuminations with respect to the SA sweeps. Alse EW within a determined frequency
band to be measurég f, occurs randomly with respect to the sweep spaheoSA.
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Figure 16a. The principle of unsynchronized sweepsurement.

Figure 16a shows the principle of an unsynchronigegep, how the spectrum in the

frequency intervaf;...f; is filled on successive antenna revolutions whghsweeps many
times the same frequency intertal.f,.

Figure 16b shows the values needed for
unsynchronized measurement method and Example 4ssthew use.
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Figure 16b. The most important symbols in the asialgf the unsynchronized measurement.
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The symbols in Figure 16b are:

- Ta1 is the measured part of spectrum after the fikstination,

- AT is the delay time between two sweeps,

- FB is the fly back time,

- Tst.ot IS the overall sweep time (sweep + delay untiltrssweep starts),

- Ten is the time corresponding the unswept portiorhefrneasurement bandwidth..
after an illumination,

- Tpn is the total sum of sweep times needed for thexneimy undisplayed portion of the
spectrum aften antenna revolutions,

- Tiy is the illumination time derived from the radatenima’s beam width and the
rotation speed and

- nis the number of antenna revolutions (illuminaspn

Example 4 In this example shows how the unsynchronized oreasent method
advances and what kind of results are obtainedu(€ig.6b). It is assumed that the radar
antenna period of revolution is 9 seconds anddbe Wwidth is 1°. The radar antennas lobe
illuminates the measurement antenna:

TiII = (T360 /360)) D ¢ant lobe (412a~)

where: -Ty is the radar antenna illumination time and
- PantIobelS radar antenna width in degrees.

Numerical calculation for Example 4:
T, =(9s/360°)11°=25ms (4.12b)

The minimumST provided by the SA is 50 ms. When the antennaestane revolution its
lobe (width 1°) illuminates the frequency band &dwept for 25 msl{;). Depending on the
sweep position of the frequency band on given titheslluminating time hits the SA sweep
time randomly. The overall sweep time length cossigt50 ms forward sweep time and
50 ms of random delay (this has been found to beatlerage value during thousands of
measured sweeps) to next swelp(includes FB, 1qus). HeredT and FB are considered as
waste time for the measuremedt. varies randomly, but in this calculation a constaiue

of 50 ms is used (explained in Section 4.3.1). @herage fraction of the frequency band
remaining unmeasured afterevolutions of the radar antenna can be calculitethe first
antenna revolutiomgEl) as follows (in terms of needed times for theasw@ement when the
total time is 50 ms = total frequency band to beasweed and the measurable time,
illumination is at its maximunTy = 25 ms):
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A
T,= (C 4.13a
AT g (4.13a)
where: -Ten is the sweep timeS(T= 50 ms) (equals),
- Ta1 is the average intersection of the sweep timetladlumination time,

T =T~ Ta

- Tst1ot (BQUalSA+B in equation)is the total sweep period (100 ms, wh&
(equals B) is assumed to be 50 ms) and

- Ty is the illumination time (25 ms) (equals C in gguation).

Numerical calculation for Example 4:

T, =(%j [25[mg|=125[ms], whenAT =50[mg (4.13b)

In Figure 16b the first illumination is completeiyside the sweep time of 50 ms and it
illuminates 25 ms of this time. However, the averagerlapping time is 12.5 ms for the first
sweep as calculated above. A non-illuminated aetiage is left after the first sweep:

A

A-T =A- [C=T, 4.14
al A+ B bl ( a)
Numerical calculation for Example 4:
50
T,, =50[mg]- 100 [25[mg|=37.5[m¢| (4.14b)

Similarly after the second illumination 9 secondset the average fraction of measured
frequency band iIST(37.5/ 100)Fy = Ta:
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A
A- [T
A+B
T,=|———— 2T (4.15a)
A+B

Numerical calculation for Example 4:

0_(505+050[2 j
= =9, 4.1
T, 0150 [25[mg|=9.374m9] (4.15b)

After the second revolution on average 28.125 mwoofilluminated sweep time remains.

Ta1a=125ms

Ta2 = Tor— T2
Ta=37.5-28.125 =9.375 ms
Ta3=28.125 - 21.09 = 7.035 ms
Taa =5.24 ms etc

Teo =50 ms.

After every antenna revolution the average nomrilhated sweep time gets shorter and
converges towards zero (meaning the comparable asumed fraction of the frequency band
to be measured converges towards zero).

The average unmeasured part of the whole frequbany to be measured is after
antenna revolutions given by the following equation

n
TSTt t _T'n
Ton = —1’_0 ' (1S (4.16)
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Figure 17. The progress of the measurement of agnahronized sweep
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Figure 17 shows the average percentage of theftetpilency band measured after the given
amount of radar antenna revolutions when values ttExample 4 are used in Eq. 4.16.
Numerical calculation with Eq. 4.16 shows that aft®é antenna revolutions 94.37%
of the frequency band is measured. The time usetthid®measurement is 10-9s =90 s.
The above treatment is valid only if the sweep dilsgpy range and the sweepiRd/
are such that for every swept frequency intervabaridwidthFW there is received at least
one radar pulse and furthermore that the measutamegally unsynchronized.

4.3.6 Unsynchronized/synchronized sweep - reducsgsaorement time

If a shortest possible measuring time without cagisa distorted measured spectrum is
targeted an unsynchronized/synchronized sweep mietban be used. With an
unsynchronized sweep in this context is meant thatantenna rotation speed and the
frequency band sweep are totally independent. Siyowith a synchronized sweep it is
here meant that the sweep tinf&T)(is adjusted, if possible, equal to the radar ramae
illumination of the measurement antenna. In thiecde whole frequency band to be swept
is illuminated on every antenna revolution andrtteasurement can in theory be swept with
a single sweep if an adequate amount of radar palsereceived.

The SA sweep timd&sy criteria using various filters for obtaining andistorted
spectrum can be found in radar literature [27] isrekpressed as follows:

TST > K filter |yvmeas/(Bmeas)z (417)

where: -WheasiS the frequency band to be swept
- BmeasiS the measurement bandwidth
- Tstis the sweep times(T) and
- Kiiter is a factor depending on filter shape (for Gaussiléer Kgyer = 3, for
rectangular filteKser = 10...20) [27].

Example 5 The parameters of a radar are known. It is watdddow how long the
measurement time will be when the real spectrunk peaver level or the accurate spectrum
shape is wanted. The parameters are as followsrd8de antenna rotates and its period of
revolution is 9 seconds. The antenna lobe is 2& fiéaquency band to be swept is 5 MHz.
ThePRFis 1 000 Hz. The radar pulse length igslandSTis 50 ms.

The illumination Ty) is given by Eq. 4.18a:

TiII = (-I?SGO/SGG)) |1a\nt lobe (418&)
Numerical calculation for Example 5:
T, = (0[s]/36d°])i2*]=50[m] (4.18b)

that is equal to th8T of the measurement equipment. The measurementMithdBead IS
determined as follows:

Bmeas> (K |yvmeas/-rST )1/2 (4 198.)

With given values:

Beoe >(310°/ 005)* =1732]kHz] (4.19b)
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The SA's nearest suitable IF bandwidBi) is 30 kHz which must be used. When a 5 MHz
wide frequency band is to be measured with a 30 KWz it needs 166.7 pulses per one
sweep (5 MHz / 30 kHz = 166.7 pulses). However,ek&mple case gives us only 50 pulses
that leads to a need of four antenna revolutionsh @/single sweep (50/166.7)-5 = 1.5 MHz
is measured. This requires optimization of the amiaef pulses, theéST and Bneas The
optimized values are (depending on the seled@ggs the measurement time can be
shortened or the measurement dynamics increasé¢defatesiredr\W):

- ST is equivalent to the radar antenna lobe ilhation of the measurement

antenna = 50 ms,

- the calculated ideal width of Bmeas = 17.32 kblz,the next higher BIF = Bmeas =
30 kHz must be selected,

- 1 received pulse for every FW bandwidth,

- the measurement is fully conducted in one anteamalution (the measured bandwidth
is 1.5 MHz) and

- the whole 5 MHz bandwidth is measured in 4 arseravolutions (If FW had been 10
kHz a complete measurement had required 500 radse$ This would require 10 radar
antenna revolutions).

The selecte®neas30 kHz is best suited for measuring the exact slwdphe spectrum when
the pulse length is 1 ps or for determining thekpeawer level of radar with 33.3s long
pulses.

Flow chart 2 in Figure 18 shows how the time domaanameter study progresses
using two different measuring methods (and themloimation). In the upper left corner the
starting data producing the necessary parameters®of the time domain parameter study
are given. On the right hand side the treatmenh®fmeasurement triggering radar pulse is
shown. The operation continues in either of two nblees: the synchronized or
unsynchronized measurement. Both will result in peeameters for the frequency band
measurement.
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Figure 18. Flow chart 2 is showing the progresshef time domain parameter study.

4.4 Radar spectrum measurements and determinationfopower level and
frequency of spurious emissions

The purpose of this measurement is to determinentimeinal frequencyNF) of a known
radar and the relative power levels of spuriougudesncy §F transmissions in frequency
domain and their position on the frequency axis.Section 4.3 the conditions for a
successful time domain parameter study in radarsoreeent is described. Here these
conditions are assumed to be valid. The measuretitart is not considered regardless
whether the exact spectrum shape or peak powet lsveneasured. Neither are the
requirements caused by the measurement bandwidgidesed, they are assumed to fulfill
the conditions. Additionally it is expected thaeté always is a satisfactory amount of radar
pulses available. In this section is explained libg&v measurement system should be set up
to increase the measurement dynamics to 110 dBcsred for radar measurements. The
largest radar spurious transmission level requirgasm¢harmonic and non harmonic) are
-100 dBc.

First a calibration curve is produced as describedsection 3.3.1. After this a
maximum pulse power measurement without filter amaplifier is carried out. If it is
possible to halt the radar antenna rotation, diiscted towards the measurement antenna in
a correct elevation angle for the measurement aatém be in the radar antenna main lobe.
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It is recommended to use an attenuator in the meamnt system to set the correct power
level to the SA input. The measurement dynamicssomgag only with the SA can be
between 37...67 dB (difference between the pulsk power level and the noise power
level that are seen on the SA display simultangpuaspending on the SA input level setting
and the used measurement bandwidth. In this wagkntximum power level at the SA
input is chosen to be20 dBm with the used measurement bandwiBth 4. Only about ten

of these signals can be at the input of the SA kamaously to minimize the risk of
overloading the SA. It must always be ensured thatmeasurement equipment does not
produce internal spurious signals when operatingl@t..—20 dBm input level. The possible
spurious transmissions are visible within the measent dynamic range. Here the
correctness of the SA display must be checked.

If the radar antenna rotation can not be haltetheroperation of the radar is not
controllable the measurement must be conductedeasribed in Section 3.3.2 with a
rotating radar antenna. When measuring while thliarrantenna is rotating the highest
relative power level for the SA max-hold functiomsh be found (the level does not increase
over this point during the measurement process).

The high radiation peak power level of radar pulégs to 10 GW) and the high
requirement for low spurious levels (down-®00 dBc) make it difficult to measure the
spurious transmissions. This requires a high measemt dynamic range in the order of
110 dB for the measurement system. Additionallyniist be taken care of that the signal
power level at the SA input does not exce@d dBm. For the SA used here the dynamical
functionality without distortion is lower thand0 dBm input signal level [27]). Then the
second and third order distortion components aceiad level 0o~120 dBm. When the SA
input signal level is about3..-10 dBm the amplification has been compressed y.1 d

The requirements for radar signal interference h(dmarmonic and non-harmonic)
attenuation relative to the raddF peak power level [30] are shown in Figure 19.

ERC permitted spurious signal level.

Restriction 1 valid until 31.12.2005
Restriction 2 valid after 01.01.2006
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Figure 19. Permitted spurious signal levels of vmeatradar according to ERC and ITU.
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The permitted levels of spurious signals [30] fd &Hz weather radar [31] are given by a
spectral mask and are defined in Equations 4.2021d.

Spectral mask:

In — banddomain: |f - deﬂs (4.20a)
T
Out - of —band - domain |f - fc|D{@,%}
rr (4.20b)
Spuriousband - domainl : |f - fqmg,ﬂ
rr (4.20¢)
Spurioupand - domainll : f - fc|>@
r (4.20d)

The spectral mask is defined as straight linesndefiby relative spectrum levels at the
domain limit frequencies:

_ . |_636 X(f)__
At |f fc|——r ., 20log X0~ 20dBc (4.21a)
- At |f - f |=% 20log X(1) =-40dBc (4.21b)
‘r X(0)
- At |f -fc|:@ 1) 20IogM=—60dBc(untiI31.122003 (4.21c)
r X (0)
X(f)
2) 20log X(O) =-100dBc(after1.1.2006 (4.21d)

For frequencies farther from the currier frequetian 320¢ depending on the time the radar
has been taken into use, the relative spurioud ghauld be lower than either —60 dBc or
—100 dBc.

In Figure 19 the measured radar signal spectrumtia@dspectral mask of allowed
spurious signal levels (red dotted line) are shoWme measured spectrum represents the
weather radar and the spectral mask is applied. t& radar station with these measured
values would not be approved in an inspection. @@jpproved this station would need both
an additional low pass filter for frequencies abtveNF and a high pass filter fadF or a
band pass filter for thEF signal.
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In this section two differently implemented measneat methods are presented, both
following same principles. The basic principle aftib measuring methods is that the high
powerNF signal is attenuated to not exceed the measugogment maximum input level
of =20 dBm and simultaneously amplifying the highesnponent level of the low power
SF signals to the same level as tN& component at the measurement equipment input.
Frequency selective components have been use@ iméasurement system. The band stop
filter (BS filter) and the YIG filter represent tHeequency selective components. Signals
with different frequencies are attenuated in défér ways when passing through the
combined frequency selective components.

It must be kept in mind that the measurement s@figure 20) must be equal to the
measurement setup during calibration for the pdeal correction to be correct. The actual
measurement system presented in Figures 20 andozdres a BS filter tuned to tidF, a
tunable band-pass YIG filter, an attenuator (A) andw noise amplifier (LNA) before the
signal is fed to the SA input. To increase the maeament dynamic range the maximum
pulse power has to be attenuated because its peakdetermines the power level setting in
the SA's input. The attenuation of raddif-signal can be implemented with a tuned stub
type multiple stage band-stop filter and the YI{&ficontrolled by the SA. Th8F signal is
amplified and its power level is matched with tleeauator A so that neither tiNF~ or SF
signal rises too high at the SA input. In this meament both the attenuator and the
amplifier have been checked to have constant lodgyain in the measured frequency range.
It is advisable to attenuate the input level witB& filter as much as it can be amplified by
the LNA. In doing so the whole measurement systeyssstable and the noise level of the
system decreases. The SA's noise fdetisrquite high. In the SA used for this measurement
the noise figure is 27 dB. In the system descridealve the total noise figure is decreased to
8 dB.

The filter of measuring system setups is problemnathe kind of band stop filter
(BS filter) needed in this measurement is not adé on the commercial market. Due to
their small demand it is no longer economical tonafacture them. There also was no
YIG filter available (ITU-R recommendation [1]), wdlm would have been suitable for the
SA used in this measurement.

4.4.1 Measurement system 1 for measuring spuriougplevels.

The idea of the measurement system is to extenduaigable measurement dynamic range
to enable the determination of the spurious sigmaler levels. These must, to meet
requirements, be more than 100 dB lower thanNResignal. Measurement dynamic range
in this system means that the maximum input levedignals is reduced and the noise or
spurious level at the input is amplified to be rHald simultaneously from the SA's display
while the highest allowed input level of the measgirequipment is not exceeded. Highest
possible dynamic range is achieved when both tgkesit component of thHeF signals and
the NF signal level after attenuation are equally hightta SA's input, for example
-20 dBm.

If a YIG filter, a BS filter and an LNA are availebthe adequate dynamic range is
achieved with the measurement system in Figuré&@0tracking the signals to be measured,
typical values for a weather radar measuremenised:
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Figure 20. Measurement setup 1.

Figure 20 presents the block diagrarinthe SF signal measurement system. The system
comprises one BS filter (band-stop filter 1), a Ylder and an LNA (preamplifier). All
power levels presented in the figure are radareppesak powers. Beside the block diagram
of the system a radar signal budget for both spsrivequency $F and the attenuated
nominal frequency (NF) signals are shown.

The radar budget presented in Figure 20 can bewelll starting at the radar output
pulse peak power (+83 dBm) and the assumed maxipuver level of spurious signals
(here 60 dB lower that the signal levelNiF). The radar antenna amplifies the signal 45 dB,
the one km measurement distance attenuates it RGdhd the measurement antenna again
amplifies it by 10 dB. Th&F signal either is amplified or attenuated relatgvi the NF
signal depending on whether the signal frequendéygbker or lower than th®F signal. The
amount of amplification or attenuation is dependent the amount of the frequency
difference. Due to the increase of propagation (@3sand the equal measurement system
antenna gain@) increase, due to the rising increasing frequetiogse almost cancel each
other. The impact of the radar antenna gain ineréagot taken into account as the spurious
level requirement is for the radiated radar signal.

The input power level of attenuator A is +31 dBnthna radar output power level of
+83 dBm. In the same point the power level of arigms signal 60 dB below the NF signal
level is—29 dBm. Connector and transmission line lossesassamed to be 0 dB.

By setting the attenuation of attenuator A, thgdgiand attenuation of BS1 and the
YIG filter, the intention is to achieve the sameneo level (20 dBm) of both theNF and
largestSFsignal at the input of the SA. With the samplearad Figure 20 the attenuation of
attenuator A is set to 27 dB, the stop-band attémwaf BS1 to 19 dB and the stop-band
attenuation of the YIG filter to 45 dB. These attation values will lead to &IF and SF
level of =20 dBm in the SA input, when the level differenéer@se is 60 dB in the received
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signal. Another value will lead to other settin@fie actual values can be set by observing
the spectrum on the SA display. The power leveleslof theNF and SF signal of the
example radar in different parts of the measureragstem 1 are shown in Figure 20. It can
be observed that thHéF signal is attenuated by 51 dB and 8fesignal is amplified by 9 dB
when compared to the filter input levels. It mustkept in mind that the determining factor
at the SA’s input always is the highest power traaites a maximum20 dBm power level
at the SA input. This is so even when it is noibleson the display.

The calculation of the obtainable measurement dynaamge proceeds as follows:

The overall noise figure of the chain at the inpluthe LNA, i.e., due to the SA and the low-
noise preamplifier (LNA) is given by the Friis' foula:

Ftot = Fl +(F2 _1)/61 (4-223-)

where -Fot is the overall noise factor at the input of theA,N
- F;1 is the noise factor of the LNA,
- F, is the noise factor of the SA and
- G is the absolute value of gain of the LNA

Calculation example for the block diagram in Fig@fe

F., = 251+(501-1)/10.000 = 256 ~ 409dB (4.22b)

The overall noise figure reducel ) to the input to the first BS filter is:

F :F3’4+(F2 - 1)/G3’4+(F1—1)/(G£53,4) (4.23a)

where -F, is overall noise factor of the BS-filter - YIG4#r - LNA - SA,
- F1 is SA noise factor,
- F2 is LNA noise factor,
- F34 is total noise factor of YIG and BS filter,
- G, is LNA gain,
- G4 is combined gain of filter amplification
(- the noise factor of each attenuator is its aihtion)

Calculation example for measurement setup in Fig0re

(251-1), (501-1)
04  (04mo009

F, =251+ =643~ 809dB (4.23b)

The noise power reduced to the input to the BSerfili.e., the noise power in the
equipment + noise power from the transfer patthen T MHz measurement bandwidth) is
given by:

Py =100og( FkTyB) = F +100od k) + 1@ Iog B\eas) (4.24a)

where -Pn is noise power level,
- F, is total noise figure of measurement equipment,
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- the second term is thermal noise power specteaisity level at room
temperature, 10-l0g{o),

- kis the Boltzmann constant,

- To is the room temperature 290 K and

- Bmeas=1 MHz is the measurement bandwidth.

Calculation example for measurement setup in Fig0re
P, =8.09 d§- 174 dBrj+ 101logf) dB= - 105p1 dBm 1 M}  (4.24b)

As the signal to be measured must be 10 dB (pedctimlue of anSNR above the noise
level to obtain reliable results, the dynamic ra(igR) of the measurement system becomes:

DRmax = RF jnBs~ PN~ SNRyin (4.25a)

where -DRnaxis maximum achievable measurement dynamics range,
- Pnrines is the maximunNF signal power level at the input to the BS filter,
such that arlNF power level of (-20 dBm) is not exceeded at thguirto the
SA (shown in Figure 20),
- Py the noise power at the input to the BS filter and
- SNRwin (10 dB) is the required difference in signal anta power levels.

Calculation example for measurement setup in Fig0re
DR, =4[dBm]-(-10§ dBnj)- 1p dp= 100 dE (4.25b)

For comparison, the dynamic range as measuredthétSA without the BS filter,
YIG filter and LNA is also calculated:

Dynamicrangewithoutfiltersandamplifier

DRmax = PNFin,SAmax - PN,inSA_SNRnin (426a)
where - PnrinsamaxiS the maximumNF power level requirement at the SA mixer
diode (input),
- Pninsa is the SA’s noise power + incoming noise poweranl MHz
measurement bandwidth and
- the wanted signal to noise rat®NRuin).

Calculation example for a measurement dynamicseaeli by just the SA according
to Figure 20:

DR=(-20[dBn])-(-87 dBnj)- 1p d= 5 df (4.26D)

If the power level of theSF signal is 80 dB lower than the power level of thE
signals the attenuator A's value 27 dB can be dsertequivalently 20 dB and tB& signal
will still not exceed —20 dBm at the SA input. TNE signal must also be attenuated by 20
dB to maintain balance between the power levels. Gdlancing must be done by increasing
the attenuation of the BS filter by 20 dB (by retynthe filter) from 19 dB to 39 dB. At the
same time the dynamics of the measurement systemmaises with 20 dB (assuming that the
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filter attenuations at SF do not change) (Equadid@b) to 120 dB. The maximum dynamics
127 dB is possible to achieve with the here preskmbeasuring equipment and with the
given measuring distance from the transmitter & $purious signal is 87 dB below tNE&
signal level. In this case attenuator A must betsed dB attenuation and it can not be
decreased from this value.

In case that th&F signal level is 100 dB under thiéF signal level the measuring
antenna must be located nearer to the transmiiéer assumed in Figure 20. Alternatively a
measuring antenna with a higher gain must be usedht NF signal power level to be
+ 44 dBm (when the attenuation of the attenuatet to 0 dB) at the attenuator A's input.
The attenuation of thEF filter should be 59 dB. So both signals would b20(dBm) at the
SA input and the dynamics available would be 44 dBif+106 dBm) — 10 dB = 140 dB.
This requires the distance to the transmitting ramaeto be decreased from 1 km to 0.224 km
(distance attenuatiob decreases) which already is inside the near &allithe area of risk
to health.

In theory the presented measurement system vatuebecused. In practice, however,
the high radiation field causes errors and interiee to the measurement. These appear to
the measurement results through connectors, adaptrles and incomplete shielding level
of equipment boxes and due to insufficient conmectiontacts (the connection attenuation
tolerance of all connectors and adapters risedaltize amount of usage times). In practice
when measuring under field conditions a satisfgctond useful measuring dynamics of
about 110 dB can be achieved.

When measuringsF power levels that contain several maximal®0 dBm signal
spectrum components, their total power at the Sputircan be calculated according to
equationPsg:= Psm + Psg ...+ Psgn SymbolsPsg, Psp, ... Psgn mean the separateF
maximum signal powers. The result must not exced® @Bm). This means that the total
amount of measureNF and SF signals {20 dBm) may be about ten. It must be noted that
all signals passing the SA front end in the measerd frequency range are fed to the SA
detector diode. This means a frequency range @b geveral GHz. A too high peak power
level causes the detector diode to operate in otslimear operating range. This makes
intermodulation possible. Due to this fact the S#pthy correctness must be checked when
measuring at maximum power levels.

It should be observed that when correcting a poleeel exceeding the allowed
power level (regardless which level is correctedithwattenuator A, it decreases
measurement dynamics by the increase of attendgsomttenuation. If, however, signal
level correction can be done by a more effectivefiB& (higher band stop attenuation) and
amplifier (higher amplification) these increase thHgnamics with the amount of the
correction. It is also possible to increase dynanbig decreasing the system noise factor by
choosing a preamplifier (LNA) with a lower noisgudre. The measurement dynamics has
been enhanced in this work with this arrangementiégreasing the SA's own noise from
27 dB to the analyzers + amplification systemsl totése figure 4.09 dB.

The YIG-filter is a tunable band-pass filter, whishswept so that the 35 MHz pass
band coincides with the SA measurement frequeriazari not be used for measurement of
the NF component, only for measurement of spurious corapts as it attenuates thd-
component by 45 dB.

4.4.2 Measuring system 2 for measuring spuriousstrassions.

A practical problem in the realization of measursygtem 1 is the availability of a suitable
YIG filter. In practice, the measurement shall baducted without a YIG filter. In this case
other methods to prevent the power of lfesignal to increase above th20 dBm limit at
the SA's input must be considered.
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An alternative measurement system without a YI@iIfiis presented in Figure 21.
Typical values for radar measurement have beemt@tsdn this measurement two BS filters
must be used and the maximu& signal power in the input of the first BS filterust be
limited to the following value:

P

peak max < in,SAmax -

G, +Log (4.27a)

where: -Ppeak.maxiS the maximum radar signal power level at theutrgf the first BS-
filter,
- PinsamaxS the maximum power level requirement at the irgfuhe SA,
- G, is the gain of the LNA in dB and
- Lgsiis the attenuation of the BS filtersNiE (60 dB).

Calculation example of maximum value fyeakmadn Figure 21:
P s S (—20[dB] )- 4q dB+ 6§ d=+ p dBf (4.27D)

To get a+ 0 dBm level instead of + 31 dBm at the input of Bfe filter the measurement
has to be conducted at a larger distance fromati@rrand / or an antenna with less gain than
that described in Section 4.4.1 has to be used.

The lack of the YIG filter has been replaced byngsa more effective filter by
connecting two BS filters into series. Their attathon, Lgs; 2 on the radar'dlF is as high as
90 dB. After this arrangement the signal powethim input of the of the first BS filter may at
its highest be:

P

peak max < in,SAmax -

G, +Lgsi2 (4.28a)

where: -PpeakmaxiS the maximum radar signal power level at theut of the first
BS-filter,
- Pin.samaxS the maximum power level requirement at the irgiuhe SA,
- G is the gain of the LNA in dB and
- Lgg 2 is the maximum attenuation of two BS filters imies atNF (maximum
90 dB).

Calculation example for measurement setup in Figadre
P eacmax < (—20[ dBM )~ 44 dB+ 9§ dip=+ 3D dBi (4.28b)
The adequately high dynamics with two BS filterswwected in series and an LNA

but without a YIG filter can be achieved with thee@surement setup connection in
Figure 21:
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Figure 21. Measurement setup 2

Figure 21 shows the block diagram of the measuréesetap with two BS filters connected

in series and an LNA without a YIG filter. All gimepower values are pulse peak power

levels. In the setup of Figure 21 t& signal is 80 dB lower than th€F signal. In the

figure the block diagram for a radar interferenadiation measurement with all necessary

components and their technical parameters influen¢he measurement are shown. In
addition to the block diagram the power budgethef tadar signal is given. The calculation
of measurement dynamics with this setup and thengiwalues advances similarly to the
calculation presented earlier in Section 4.4.1.

The circuit (LNA+SA) total noise figur&, reduced to the input of the LNA has been
calculated in Equation 4.22 and is 4.09 dB.

The reduced total noise factdt,| of the measuring equipment in the input of thstfi
BS filter is:

F=F, + (F- 1)/G,, + (F~ 1/(GG;) (4.29a)

where -F is system noise factor reduced to the input offitise BS-filter,
- F, is the noise factor of the SA,
- F> is the noise factor of the LNA,
- F34 is the total noise factor of the two BS filtergél+ Lgs, = 1+1 = 2 dB),
- G, is the gain of the LNA, and
- Gag4 is the total gain of the two BS filtersY dB-1 dB =-2 dB)
(- the noise factor of each attenuator is its athion)

Calculation example for measurement setup in Figadre

(251-9 (50t}

F =158+
0.63  (0.6311000p

= 4.06- 6.0p df (4.29b)
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The noise level reduced to the BS filter inputtiee(sum of the noise level of the measuring
equipment and the noise generated on the 1 MHz mesurement):

P, = 10log(FkT,B) = F +10lod kT)+ 10logB,., (4.30a)

where -Pn is the reduced noise power level at first BSfiitgout,
- the second term (10lokTy) = —174 dBm/Hz is thermal noise power level
spectral density in room temperature (290 K),
- F; is the reduced total noise figure in the inputh&f first BS-filter,
- Bmeas= 1 MHz is the measurement bandwidth,
- k is the Boltzmann constant and
- Tois 290 K.

Calculation example for measurement setup in Figare
P, =6.09 df - 174 dBri+ 10logfo=~ 107.p1 dBm 1M}  (4.30b)

For example with the attenuator value set to O [HNF signal level at the SA input
is (-19 dBm). When th&8F signal is 60 dB below theF signal level and +9 dBm at the SA
input. To reduce th&F signal level below the acceptee?Q dBm) level the attenuator A's
attenuation must be set to 29 dB andNifesignal must be amplified by 28 dB for the power
balance at the SA input not to quake. This gaintrbesdone by decreasing the attenuation
of one of the two BS filters by 28 dB (must be retd).

When the signal to be measured must be 10 dB attmv@oise power levelSNR
must be at least 10 dB) to ensure an accurate megasut result, the measuring systems
dynamics becomes:

DRnax = RIF,in,BSl_ PN_ SNRnin (4.31a)

where: -DRnaxis the highest possible dynamic range
- Pneinga IS the maximumSF signal level at the input of the BS1 filter
(31 dBm - 29 dBm = 2 dBm),
- Py is the reduced noise power level at the inpuhefBS1 filter and
- SNRuin is the required signal and noise power level diffiee.

Calculation example for measurement setup in Figdre
DR, =2[dBm]-(-10§ d§)- 1§ d= 10D df (4.31b)

If the SFsignal is 80 dB lower than tié¢F signal (as in the radar budget in Figure 21)
the attenuation value of attenuator A must be reduzy 20 dB while increasing BS filter
attenuation by the same amount. When Nikesignal at the first BS filters input rises by
20 dB the measuring dynamics rises by 20 dB frotvdB to 120 dB. However, 110 dB can
be, due to the high RF signal power level, seethasnaximum value for the dynamics in
practice. When measurement with more than 110 dBsorement dynamics is desired, the
measurement distance must be decreased; the pratedt measurement equipment and
measurement staff must be checked.
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4.4.3 Radar power budgets

The budgets for botNF andSF frequency radar signals can be displayed in gcagbfiorm.

In Figure 22 this is done for both measurementesyst and 2 and for the reference system
without any filters and LNA. The radar transmit pmwlevel, radar antenna gain,
transmission path loss and the measurement systéemren gain are the same in all
compared measurement setups. All three measuresysteims have the same +31 dBIf
signal at the attenuator input and an either 6800dB lowerSF signal. Due to low power
level and insufficient measurement dynamics of bierence system n8F signal lower
than (60 dBc) can be measured with the comparison system.

All NF radar pulse an&F interference signal power levels shown in the riéggare
peak powers. In Figure 22 tiNF level of the measurement system 1 has been decréys
51 dB (black continuous line) and tB& power level increased by 9 dB (red dotted ling). |
however, theSF power level (here the radiating power under messent) is for example
80 dB less than the radar pulse peak power onetgete same (—20 dBm) power level at
the SA input when it is passing the attenuator thedfilters as explained in Sections 4.4.1
and 4.4.2. The dynamics (blue arrows) is calculéteoh the difference at the first BS filter
input level +4 dBm (measurement system 1) and maximoise power level (106 dBm) at
the same filter input. When one takes into accol@tl0 dB higher than noise power level
as the smallest accurately measurable po®BIR;, = 10 dB), one gets a 100 dB dynamics
for measurement system 1. The dynamic range ofligi@ay is the largest level difference
between spectrum components that can be displaitbchwgpecified accuracy.

Measurement system 1 Measurement system 2 Comparison system

128dBm spurious —60 dBc

spurious —80 dBc spurious —80 dBc
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Figure 22. The power budgets and dynamics rangeeomeasurement systems.
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Measurement system 2 has been presented in an eqyalThe available dynamics in
Figure 22 is theoretically 120 dB (measurementadis¢ must be decreased as explained
before) while the measurement in this case req8idedB.

The dynamics of the reference system is 57 dB. Hexelynamics stays low because
no filter is used to tune the power level differes@nd no amplifier is used to decrease the
system noise factor but the input power must benatited from +31 dBm to (-20 dBm)
with an attenuator. This means a 51 dB loss in oyos With the same attenuation value
the SF power level drops from49 dBm to—100 dBm which is 13 dB below the SA noise
level.

4.4.4 Determination of radar spurious transmissions

Before it is possible to determine the spuriousignaissions power levels relative i~
power level from the spectrum picture, the rad&rpulse power at the measuring site must
be determined. This is most easily done while théar antenna rotation is halted and
accurately pointed towards the measurement anteotinain horizontal and vertical planes.
The radar pulse power is measured without BP-§ltBrepending on the measurement range
and the pulse power the pulse power measuremenbeatarted using an attenuator. An
amplifier or attenuator can be added to the systepending on the situation. The radidr
center frequency is set to the SA andBagsasis used at least the bandwidBqhs given by
1/7 . The correct choice of bandwidth is verified bgrisasing the SA bandwid®}easuntil

the measured peak power of the radar no longeeases. The display frequency span
(SPAN) is chosen for example as 20 MHz or lesssbuhat the peak power level can easily
be determined on the SA display with help of therkea generator (MKR). Mostly
(commonly) the determination must be done whilertigar antenna is rotating. This causes
the needed time due to the antenna rotation te&ser before the power level settles to its
final value. With these settings one gets a cussstewn in Figure 23. From the transmitted
peak power level of the radar the radiativig pulse power can be calculated.

ATTEM 1BdE MER —33. 332dBm
RL @dEm 18dE~ 5 EBZEBETYGHz
-33dBm
D L
il
//f
’f'
o J“/ Ml

CEMTER 5. EZEEEGH=z SFAM Z@. BEMHz
¥REW Z.BMH=z ¥UBW 2. @MH=z ¥SWP 1. B7=sec

Figure 23. Maximum power on nominal frequency (NF).
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In Figure 23 a certain radar with a pulse lengtf2 qfs is used and iBRFis 1 kHz. The
radar pulse power (it is assumed here that thestméssion path has no obstacles and the
transmission path loss is only dependent on meagulistance and used frequency) can be
determined from the-33.33 dBm) (marker level of generator) peak power.

P.[dBM|=P+ L.+ L,

4.32
~G,, +32.5+ 20logf [ MH3+ 20logl[ k= 1264 dB} (4.32)
where: -Ppeakis the radar pulse peak power level,

- P4 is the SA's reading of the measured pulse pealepaivthe SA input

(here €£33.33 dBm)),

- L¢ is the measurement cable loss (2.5 dB) and

- La is the adjustable attenuation of attenua#gr(fiere 60 dB).

- Gant is the measurement system antenna gain (herelBy.&nd

- the three final terms 32.5 dB, 20loy &nd 20log ) define the free space

attenuation.

The sum of the first three termBy(+ Lc + La) 29.2 dBm is the power level 29.2 dBm at the
output connector of the measurement antennas.vehi® is used as reference value when
determining spurious transmission power levels.

The remaining terms of the Equation 4.32 is the Bpace path loss decreased with
the measuring antenna gain:

The calculated power levePf.ac= 126.4 dBm) equals a radar pulse EIRP peak power
of 4.37 GW.

When using the radar pulse peak power at the aateannector as a reference it is
possible to determine the other possibly occurdamponent power levels relative to the
radar pulse peak level. When determining the fieallt the effect of the amplifier gains and
attenuation of attenuators and filters have to ddeert carefully into account. An actual
calibration curve must be used on each separatesuregaent band for which the
measurement @&F signal powers is going to be carried out.

When a bandwidth of 2 MHz is used in the absolueqr value determination in
Figure 23 the exact shape of the spectrum is rsiblei If one wants to see this spectrum
shape, a narrower bandwidth must be used. Therapecof the radar transmission is in this
case shown in Figure 24 (the used measuring batiBjg.sin this case is 100 kHz when
the requiredesis 0.716/2 MHz).

In Figure 24 the radar spectrum shape can be seem awcurately than in Figure 23.
The peak power level can be obtained from the l@etaipectrum in Figure 24 by adding a
correction term 20:l0&ef /Bmeag = 20-109(0.358 [MHZz]/0.1 [MHz]) = 11.1 [dB]. Theadar
NF, the bandwidthBnyeas Of the measuring equipment that equBls, the video filter
bandwidthBypeo (that usually is held same Bg) and the display frequency span (SPAN)
and the use®&T can be read from Figures 23 and 24. The SA mgM&R) in Figure 23
has been set to show the pulse peak power.
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Figure 24. Measured power level on nominal freqyenith higher resolution.

From Figure 24 one can determine that the radasepigngth is 2.8 ps. This
determination is possible from the distance betwten first zero positions. The radar
transmission is not symmetrical aroundNIS. This is very typical for example for weather
radar spectrum and is not depending on whetheossdreld type component, a magnetron
or a klystron (like used in this measurement) isdugas RF source. A highly accurate
determination 0By from the spectrum shape in Figure 23 is almosbssjble or at least is
the result inaccurate.

ATTEM 1BdE MKR —26. S@8dBm
RL BdBEm 18d B~ 5 BZEAGH=z
T T T T T T
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Figure 25. The measurement of the neighboring aqy spectrum with two cascaded BS
filters.
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Determination of the spurious transmission comptmenithin the radarNF
neighboring frequencies (x 200 MHz) is done when B filters, the needed amplifier and
attenuator are connected to the circuit. Figuresi2®vs spurious transmission components
around aNF of 5.475 GHz. The calibration curve is insertetb ithe figure and its level at
this display range (400 MHz) is20 dBm at the antenna connector. The highest sgirio
power level is determined from the displa20 dBm- (-33 dB) =-53 dBm. When the 29.2
dBm antenna reference power level at the measutesystem antenna connector is used as
described before, one can see that the spuniaosniission frequency has been attenuated
by 29.2 dBm- (-53 dBm) = 82 dB below thdlF. The spurious transmission attenuation
requirement at a distance of at least 150 MHz fribv@ nominal frequency power is
80 dB/1 MHz so this measured radar fulfills theuiegment at this frequency.

In the frequency band above tRE& the spurious transmissions power components are
determined similarly. At a frequency 400 MHz abdle NF the calibration curve is almost
straight and its power level 20 dBm. With the same principle as used in Figlseoe
gets from Figure 26 a spurious transmission attéomaf 29.2 dBm- (-20 - 37) dB =
86.2 dB below theNF signal level. The attenuation requirement bein@ tB/1 MHz
(meaning measurement on 1 MBgeagd the radar does not fulfill the requirement orsthi
frequency.

ATTEN 18dB MR -56. 17dBm
FL @dBm 18dB~ E.BZ5EGHz
calibration curve —20 dBm

37dB

corrected value —57 dBm

) Ihﬂh iy |

CEMTER EB.BZE5BGHz SPAN 488 . BMHz
¥REW 2. @MHz ¥UEW 3. GMHz ¥SWP 50. Bms

Figure 26. Measurement of spurious transmissiorvalibe NF.

In Figure 26 the spurious transmission has beemuadted 86 dB compared to the
radar pulse peak power. At the measured frequeamnger (5.825...6.225 GHz) the highest
spurious transmission power is at 5.929 GHz.

The SA display frequency span in this measuremastdeen selected as 400 MHz to
ease the operation. This is due to that the wigessible frequency range to be swept in one
sweep, for this SA = 444 MHz when tBd = 33 min 20 sBneas= 2 MHz and the antenna
period of revolution =9 s.
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Figure 27. Measurement result of the second harmoni

In Figure 27 the level of the 2nd harmonic (2-5.6884z = 11.250 GHz) is
29.2dBm~-(-20- 33 dB= 82dE below theNF signal level. This value does not fulfill the

attenuation requirement of 100 dB/1 MHz below thaar pulse peak power.

The determination of the 2nd harmonic (11.250 GHe3ults in a spurious
transmission attenuation of about 80 dBc. The attgdon requirement for frequencies larger
than 1 GHz above thidF is 100 dB/1 MHz so this radar does not fulfill tteguirement at
the 2nd harmonic. The gain change of the measurear@anna has been noticed in the
calibration curve when measuring the 2nd and 3rchbaic shown in Figures 27 and 28.

ATTEM 1@dB MER —4B6. 17dEBm
FL BdBm 1AdE~ 16. 8VEBGH=z

calibration curve -60 dBmn]

=
16dB

corrected level =76 dBm

et f N 4
START 16.3258GHz STOP 1B. 925@AGH=
¥RBLW Z. BAMHz ¥UEBW 2 @MHz ¥SWUP 50 Bms

Figure 28. Measurement result of the third harmonic
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In Figure 28 the attenuation of the 3rd harmonilfilile the attenuation requirement of
100 dB/1 MHz. The relative level is 29.2 dBn{-60 - 16) dB = 105.2 dBc. The calibration
curve on this frequency range #60 dBm and the frequency of the third harmonic ¢o b
determined is 3-5.625 GHz = 16.875 GHz.

4.5 Radiation pattern of the radar antenna

The radar antenna is an important component inrrsigaal transmission and reception. It
has to forward the output power into the desiredation and amplify it by many tens of dB.

It must be able to receive weak echo signals awel tifiem reliable directions. The antenna
may not have unreasonably big side lobes and its lolwe width must correspond to the
required lobe width. Additionally it is requiredaththe antenna has a reliable and steady
mechanical construction and that the reflectiofies@s of the reflector antenna are accurate.
The antenna feed line (that in high power radarsnatly is a wave guide) must be able to
forward high power levels, maintain possible pregstion and to mechanically prevent the
rotation of the antenna to be forwarded to the f@®sl (rotary joint). Additionally the feed
line possibly has to function as a low or high pliésr for possible harmonic frequencies
above theNF component and for oth&F components. The antenna itself can have different
usage requirements. The reflector antenna for eberogn have the requirement of a
parabolic dish, a part of the requirement of alpalia dish or a part of another mathematical
reflector antenna shape. In Nordic environmentsatitenna must be able to be kept free of
snow and ice. Here heating of the reflector anddamme must be used or the whole antenna
construction has to be covered with a radome. @deme construction must be made of a
dielectrically suitable material. This means that faw as possible metallic or other
conductive building materials as possible shouldubed in the radome. The electrical
features of the radome construction must be honamen in all possible radiation
directions. The attenuation of the radome itseMRimust be as low as possible.

45.1 Antenna radiation pattern and its measurement

The measured radiation pattern of a weather rad@naa is shown in Figure 29a. Due to
the high pulse power of the radar it is very impaottto know the direction of the side lobes
of the radiation pattern and their attenuationtnegato the main lobe. A 40 dB attenuation of
spurious levels relative to the pulse power of th&in radiation lobe (for example from
+128 dBm power) is still +88 dBm. This equals 634 knaximum radiated pulse power.
The highest relative side lobe power level in Fgg@9a is 32 dB below the main lobe
radiation power level that is +128 dBm at the raal@enna output. In cases, where radiation
limitation sectors for radar radiation are detemmlindue to interference created by radar or
possible interference risk, it is important to kntive antenna radiation features. High side
lobe power levels may interfere with other radi@ffic. Their possible limitation
requirements may constrain significantly the petexitradar transmit angle.
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Figure 29a. Measured radar antenna radiation patter

When considering Figure 29a it must also be notiteat a high gain side lobe
occurring only on one side of the main lobe is alstays an antenna feature. Such a side
lobe can be generated for example by a reflecbaiié measurement point from a suitable
direction. To verify this, the measuring antenna&dion and measurement position must be
changeable. If the side lobe direction in the raaiiapattern in this case changes, or the side
lobe disappears completely, it is a reflection.eSmbes appearing symmetrically around the
main radiation lobe are usually antenna features.

Figure 29a contains two main radiation lobes cpoading to a full rotation of the
antenna. The presented radiation pattern is mehswith the SA operating as an
oscilloscope. This function is obtained by settihe SA sweep frequency band to zero
(0O-SPAN function). Here the SA measures the poeeellon a fixed frequency as function
of time. The sweep setting of the SA must be setingle sweep and the display set to
maxhold-mode. Usually the drawing of the curve seedoe repeated for several times. This
is needed for the generation of an easily integietradiation shape to be displayed on the
SA display. By measuring as described above thenaatradiation pattern is not exactly the
same as the pattern of the antenna measured uetteconditions. The radiation pattern
looks just like it should look at the specific me@snent site of the possibly interfering radar
antenna.

The requirement for a successful measurementgsttoneasuring dynamics to about
60 dB (see Figure 29a). A filter may not be usethia measurement since it confuses the
relative power levels of the measurement and miggr fout the main lobe completely. It
must be taken care of that the measuring antennariainly located inside the horizontal
plane of the main lobe for the whole revolution dirof the radar antenna. As measuring
bandwidthBneasthe reference bandwidth Bfss ~ 1 MHz (depends of pulse length) is chosen
because maximum power levels are measured.
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Usually the antenna direction pattern is presemedpolar diagram as in Figure 29b.
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Figure 29b. Polar presentation of a measured andéepattern of a radar.

45.2 Antenna radiation pattern on spurious freqigsn

This measurement can only be done to antennas whtsén can be controlled. If a slot
radiator type antenna (or antenna feed) or dipmdeis used as a radar antenna it must be
insured that it does not radiate into a directiomsime the main lobe direction on another
frequency than th&lF. This is highly possible because (for example waitBlot antenna or
unbalanced group) the change of feeding frequeffegta the speed of the wave inside the
waveguide line. The antenna radiation lobe directbange is depending on this change of
wave speed. ThBF due to the change of antenna radiation lobe acagieed by the change
of speed can be above or belbl\. Cross-field type oscillators generate ri@Rcontent [2].
Harmonic frequencies do usually cause no troublieuthese circumstances because their
frequency difference to thHeF is large.

The antenna itself does not create spurious emisdioit can forward them if the
radar emission contains them. The spurious emissieasurement is conducted with the
radar antenna rotation stopped (not always pogsiblee radar antenna is orientated into
different directions in the horizontal plane angveeeping measurement over the frequency
band to be measured is performed. The measureraaritec started with the radar antenna
pointed towards the measuring antenna and advaiceither positive or negative direction
for example measuring at every two degrees up tb6 dégrees (usually done). The
maximum angle to be measured depends on how mec8RlMiffers from theNF signal
frequency and how efficiently (degrees/MHz) the doturns. This is seen in Figure 8
showing the complete spectrum. The similar measen¢nis also done symmetrically
starting from zero angle into the opposite direttibhe first measurement result at the radar
antenna zero angle shows the radar maximum powes Rg.
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antenna lobe of a antenna lobe of
measurement system a radar

Figure 30. Deviation angle of the main radiation lobe of a radar antenna camgal to the
main radiation lobe of the measurement antennaénhorizontal plane

When changing the radar antenna direction fromziéw® angle, the measurement
shows those spurious emission components that ddar rantenna transmits in other
directions away from the zero angle and which fezgpy differs from thé&lF.

The spurious emission components of the radar speatan be seen according to the
measurement dynamics requirement in measuremempssédt and 2 (Sections 4.4.1 and
4.4.2). Their power levels can be determined adogrtb the measurements described in
Section 4.4.4 but the possible variations from zdm@ction of the spurious emission
components can be detected only with this measurentemust be noted that the radar
antenna radiation pattern measurement is not thee saatter as the determining of the
direction of spurious emission components. The raadenna pattern shows the relative
powers and the directions into which the antenrdiates theNF power. The spurious
emission component pattern on the other hand shweveelative powers and directions into
which the components differing from the radiif are radiated by the antenna.
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Figure 31. Spurious emission on an antenna O-aagl&inction of frequency.
Figure 31 presents the power spectrum measureshvad sadar's-angle being zero.

The transmission consists only of the original algof the radar. The relative peak power
level is +5 dB. The possible spurious emission caments, that are more than 80 dB below
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the nominal frequencyig) component, are not visible in this figure becatlmsy are below
the noise level.
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Figure 32. Spurious emission on antenna —2 degragke as function of frequency.

Figure 32 shows the spurious emission spectrum wheranglep is —2°. In the
figure it can be noted that with this angle thearapower spectrum contains & and a
leadingSF component at 0.97%¢ , the power levels being 7 dB and 36 dB belowNife
level forg = 0 degrees

In Figures 33...37 the position and power levelsptirious frequency component
emissions are shown and can be compared tblhpower with the angle = 0 degrees at
different radiation angleg.

0,0

angle = -4°
-10,0
m' -20,0
S,
2
3 -30,0
|
o)
2 -40,0
o
B Jvf\\l‘. f
2 50,0 I VAW |
8 w W
[0}
X -60,0
-70,0 ) '\N {
-80,0

0.9 e 0.95- fue Frequency [MHz]

Figure 33. Spurious emission on antenna —4 degragke as function of frequency.
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Figure 34. Spurious emission on antenna —8 degnedeaas function of frequency.

In Figure 34 most of th&F components are around 0.9% at a maximum peak
level of =59 dBc. If the radar transmit level is 128 dBmstborresponds to @F peak power

of 7.9 kW.
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Figure 35. Spurious emission on antenna —12 degngge as function of frequency.

Figure 35 shows a maximum transmit@@power of 1.58 kW at about 0.8.
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Figure 36. The measured power spectrum whent2 degrees.

Figure 36 shows a maximum transmit@power of 630 kW at aboutl.03fyr.
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Figure 37. The measured power spectrum when+ degrees.

Figure 37 shows that the spurious emission compenamoveNF turn toward the
positive antenna angle directions at the antermthd+4° direction of the radar antenna the
antenna radiates a (1.0ff%) frequency component 54 dB below tNE& power level. The
spurious emission components below tHE turn towards the negative antenna angle
direction at the antenna.

There seems to be a clear relationship betweesldhe@ntenna radiation direction in
the horizontal plane and the frequency of the ktrggF spectrum component. This is
investigated using the variables defined in Fig. 38
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Figure 38. Definition of the frequency of the highepurious spectrum component in
different antenna angles relative to the boresijtection in the horizontal plane.

In Figure 38¢, is the radiation angle shifpp{ = 0 is the direction of the main lobe
maximum at the frequendyg). The positive directiont) and the negative directior)(are
as indicated in the figuré; andf, are the frequencies of the maxim&#h components in the
directionsp; andg,.

Figures 31...37 show the general spectral behavidh@fimaximum peak pow&F
component when a slot-antenna is used. The fregquehthis SF component will be the
lower the smaller the angleis. The measured behavior is presented in Fig@ee ®hich
shows an approximately linear dependence. Theivelpeak power level of the maximum
level SFcomponent relative to the radar peak power is shiowrigure 39b. The variation of
radiation angle higher than the here measuredtdiliaearly (in Figure 39).
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Figure 39a. Measured normalized frequency of th&imam SF component as function of
radar antenna radiation angle.
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Figure 39b. Peak power level of the largest SF camept in different antenna directions.

Figure 39 shows the measured frequency of the mawrirBF component and its
relative peak power level values as function ofreglot antenna radiation angle. For ke
the radiation angle is 0°. For example-80° radiation angle can be found for spurious
emission component whose frequencyQsl fyr.

Figure 40 demonstrates that the radar operatiotorsetetermined with theNF
antenna radiation pattern is too optimistic if ttagliation pattern orSF frequencies is
different. It is assumed in a) case that a linotasector based on tiNF antenna pattern is
between 0°...15°. However, based on the slot aatemmeasurements shown in
Figures 31...37 the antenna radiation pattern changspurious frequencies requires a £12°

wider limitation sector, thus extending itt@2°..+27°.

flS" limit sector, 0...15°
12° protected zone

OO
12° protected zone

a) Case: 15° + (2 - 12)° = 39°

270°

<+—— 10° limit sector

b) case
\ 2 - 12° protected zone,

not limited sector

10° limit sector

12° protected zore

b) Case: (2 - 12)° + (2 - 10)° + (2 - 12)° = 68°

Figure 40. Impact of frequency dependent radar @amée pattern on the permitted
operational sectors of the radar.
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If the radar use has several limitation sectors€da) and there is left a non-limited
sector in-between them, that is less than 2 tirheswiidest spurious emission radiation
angle, (symmetrical diversion of the radiation &)ghis sector can not at all be used.

In this chapter it has been shown with help of exasihow important it is to prohibit
the appearance of all kinds of interference sigdaésto spurious emissions. The appearance
of these is most easily prohibited with suitableHoass and high-pass filters in the radar
antenna feed line. With the present knowledge ffitter manufacturers it is known that the
manufacturing and the installation of high frequeriiiters into an already operational
system is both extremely laborious and expensivefdruachieving the aimed final result
extremely important. Therefore the filters shouddrbanufactured and put into place already
while manufacturing the radar.

from time domain parameter ias

Frequency spectrum domain
measurement:

Two differently realized meas. systems,

dynamics and power levi

Calibration measuremenk,
actual measurement,
calculated results

\4
Measurement of
antenna
radiation pattern

|

Impact of the antenna
to the total interference

Recommendations fc
actions to be taken

A4

Figure 41 shows how the frequency domain measuremévances and ends in
recommendations for actions to be taken. In tharagectrum measurement one presumes
that all necessary parameters produced by thedom&in parameter investigation are valid.

It is shown mathematically (Figures 23...28 andrthelating calculations) how by
calibration the final resulting spectrum of the amndinder measurement can be calculated.

Figure 41. Flowchart 3.
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Before issuing recommendations the impact of ar@eron possible interferences must be
estimated.

453 Formation of the final spectrum shape.

In the following example it is shown how the firgdectrum shape (spurious emissions) are
obtained by calibration, measurement and combittege two. Figure 44 shows the final
spectrum shape.

Example 6 In this example it is shown how the final powesponse as a function of
frequency of the radar signal is obtained. The esirin this presentation are named as
follows: A(f) is the calibration curve measured with a BS fjlt&(f) is the radar signal
spectrum measured with a BS filter &) is the calculated real radar signal spectrum.

20,0
400 MHz | 400 MHz| 400 MHz
0.0 Acaiib,1...AF) (-40 dBm) ngoasm (-40 dBm
o, /H""\.-"\-..r
= -20,0 - E
] S
®
2
& -40,0 /
Z
g Ls)/ f4
=
S -60,0
)
e
-80,0
-100,0
4000 4500 5000 5500 6000 6500

Frequency [MHz] fue

Figure 42. Calibration curve A (f) of the measuretngystem with BS filter.

The calibration curve of the weather radar in Fegd is determined for the complete
measurement equipment. According to measuremetdrsy3 (Section 4.3.2) the equipment
are an attenuator, BS-filters and low noise amglifimeasurement cables and as
measurement equipment the SA. The calibration comyst be created with the same circuit
and parameter values as used in the original measunt. This must be done for each
frequency band separately using a measurementranten

In Figure 42 the curvé(f) is obtained by feeding a sweep signal with silétgiower
level to the antenna connection point from a siggaherator (or tracking generator).
Suitable values in this example can-#8 dBm in frequency intervals...f; andf,...fs and
—-20 dBm in frequency intervds...,. The power level at the SA input may not incresse
much that it causes overload effects. After thesrtreasurement is conducted by sweeping a
400 MHz frequency slot in a single sweep with tide Because the BS filter attenuation is
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more than 40 dB the signal level must be incre&se®0 dB for the measurement slgt.f,
to prevent that the signal spectrum in these ialsrgoes below the SA noise level. This is
seen as a 20 dB discontinuity in the curve at teguency slofs...fy, When a=40 dBm or a
—20 dBm signal level is fed to the circuit the Sisplay power level envelope value
corresponds to these values.

The real power level envelop€(f), can easily be derived from the measured curves
(A(f) and B(f)) when taking into account the different caliboaticurves at the various
frequency intervals and the measurement systemrmmantgain as a function of frequency.
The combining of power level envelopes is doneodews:

Coaien( ) ==40=( Ay (1)~ Boeos { T)) [dB] ,between,f and,f aswellag f ang (4.33a)
and
Coaea( ) = =20~ (A1 ()= B () [dB] ,between § and, (4.33b)

where: - Acaib, 1.n (f) is the relative power level as function of fregog in the
different frequency intervals (Figure 42)
- Bmeas1..n (f) is the measured received radar relative powesl las function of
frequency combined to one single curve (Figureadi)
- Cearc,1..n (f) is the calculated/calibrated received radar isdgpower level as
function of frequency combined to one single cuisgure 44).

The measured relative power level spectBiga.s1. n (f) of the radar is shown in Figure 43.
The following measurement parameters have been used

- measurement bandwidth Bmeas is 2 MHz (radar pgetegh? is 1 us),
- radar PRF is 1 kHz,

- sweep time (ST) is 50...200 ms,

- measurement conducted in 400 MHz frequency slots

- radar antenna halted and directed toward the uneent antenna.
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20,0

Relative Power Level [dB]

-80,0

-100,0

Figure 43. Measured spectrum (curvgeBa..n (f))

The relative power level of the radar shown in Fég43 (curveBmeaf f)) has been
measured with the same settings as those usedydiaiitbration. In the figure it can be seen
that when théNF is attenuated with a BS filter, tiNF relative power level is almost equal to
the highesBF relative power level. This gives an opportunitymaximize the measurement
dynamics when the SA input has the same maximuonvatl relative power level for both
frequency component®F andSF). The dynamic range of the SA display is definedtee
largest level difference of two spectrum componéét are simultaneously displayed with
a given accuracy. The difference between the pdexais is obtained when summing the
total attenuation of thBIF signal and the total gain of ti8# signal on the signal path when
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Figure 44. Calculated/Calibrated relative radiatingower level spectrum of the radar
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From the curve in Figure 44 it can be estimatettttaSF signal power level is about
90 dB below theNF signal power level at the frequency 4.2 GHz (ndésel), but only 60
dB level at 4.3 GHz. Spurious signals of this radarnot fulfill the ITU spurious signal
attenuation requirement (in this measurement ttenaation is only 59 dB at 1 GHz from
NF). The requirement is > 100 dB at 1 GHz from Mfe(this is in the frequency band used
by the TDRRS). The flat visible between frequen&é50...5700 MHz in Figure 63 is not
real. It is created due to discontinuity when cantimg parts of the curve together.

Because the dynamic range according to Figure 44 isn90 dB as the signal
difference betweeB8F andNF it can not be determined if the radar spuriousaignterferes
harmfully a TDRRS on frequencies below 4.2 GHz at. The achieved dynamics does not
correspond with the named max. dynamics. In thi® aasmaller measurement dynamics is
satisfactory for verifying spuriouses. If a highdgmamics is targeted théF-signal level
must be lowered and th&Fsignal level risen. (i.e. BS-filter attenuation dah.NA
amplification must be risen, the measurement aatenust be changed into a more efficient
one or the measurement distance to the target beéagured must be shortened.)

4.6 Summary of Chapter 4

In this chapter the most essential measuring mettod determiningSF radiation peak
levels and the results obtained by them are predefirst the time domain parameter study
has been presented. This produces the parametededdor radar spectrum domain
measurement. In the time domain parameter studysata part of the parameters can be
defined by the measurements and thereafter thecesstbe calculated. In the parameter
definitions the various bandwidths are importaatireir definitions are given.

The essential part in the time domain parametadysts the availability of radar
pulses and their treatment in different situatiofise sensitivity of measurement results to
the measurement parameters in the time domain l¢adthe use of two different
measurement approaches (synchronized and unsyimmddorsweep). Both cases are
presented with help of an example. The advancileofilme domain parameter study is also
presented in a flow chart.

The frequency domain measurement uses the parameteeived from the time
domain parameter study. In the actual frequency alonmeasurement all the needed
parameters are expected to be appropriate and. Béided on the above two slightly
different measuring methods are presented. With botthods it is possible to determine
spurious emissions of the radar within the requine@asurement dynamics. The
measurement methods have been described matheipatisiag practical examples. The
power budgets of both measurement methods andesenee measurement system have
been presented.

The impact of the radar antenna on the transfespafious signals is presented. The
antenna patterns of both thé- signal and th&F signals have also been presented with help
of an example. Measures for reducing the impactpofrious signals have been proposed.
These include measures to be taken into accouthein effects and to prohibit them. The
advance of the frequency domain measurement aniehbect of the radar antenna are also
presented in a flow chart.
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5 A MODIFIED MEASURING SYSTEM FOR DETERMINATION OF
RADAR INTERFERENCE LEVEL IN TDRRS

In Chapter 4 a new implementation of a measuremesthod for investigation of radar
spurious radiation was presented and the impatteofadar antenna radiation pattern on this
measurement system was investigated. In Chaptensd56 the modification of the new
measurement system for the investigation of raaguact to radio communication systems
under real field conditions.

In terrestrial radio communication systems (e.gRR3, RLAN, WIMAX, UWB)
there may, in addition to propagation phenomenayioiregular disturbances, which cause
occasional or continuous transmission outagesnQffte cause of disturbance turns out to be
a radar, either its NF-component or an SF-comporiénis chapter presents the frequency
bands allocated to TDRRSs, the performance reqemé&put on digital errors in TDRRSS,
signal presentations and error mechanisms and sitpeal characteristics as far as they are
needed in the investigation of disturbance imparcthe radio link. By radio link budget
calculations on a measurement system improvedstespep it is shown how an appropriate
dynamic range is achieved for measurement of raidgal components impacting TDRRS
transmission performance.

In reality, this measurement system should be tseerify the protection distance
between a radar and a radio communication systemaelDRRS. This protection distance
is obtained by theoretical calculations as presemeChapter 6. To the author’'s knowledge
this approach to the determination of the protecticstance and the verification of it by
measuring the radar radiation on the TDRRS chamaehot bee published earlier.

5.1 Evolution of terrestrial radio relay systems

According to literature [32] a Terrestrial Radiol&e System (TRRS) is defined to be a
fixed or partly fixed two-way radio connection. TRR are used for forwarding telephone
and data traffic and radio and TV signhals betwesa terminal stations using repeater
stations, if necessary.

Finland's first radio link span was taken into us®ulu in 1954. The former Oulun
Puhelin Oy operated a radio link span (Generaltits link equipment) offering 5 speech
channels and was used to replace the wired laed between Oulu and Utajarvi which were
heavily loaded by traffic to a hydro-electric povaation under construction. The first radio
link span of the only national telecom operatathattime (Posti- ja lennétinlaitos) was taken
into use between Hyvinkda and Méantsala in 1959.

What was the evolution stage of telecommunicatexrhniques when the first radio
relay systems were taken into use in Finland? Wdwmparing the introduction time of
radio relay system with to the development of ot@nmunication techniques one can find,
that in 1965 in Finland there were 169 telephonmeeations per 1000 inhabitants, 380 radio
receivers per 1000 inhabitants and 142 TV receipers 1000 inhabitants. The first TV
broadcasts in Finland started in 1955. Mobile teteyes or mobile telephone networks in
competition with each other not to speak about iplelimobile network operators could not
be believed of at that time.

The development of radio relay systems begun atelbetronics department of
Suomen Kaapelitehdas in Salmisaari at the beginafripe 1960's [33]. Their assortment
included single channel radio relays and 150/360zMig¢quency band base stations for
vehicle mounted stations. Type SV1100 was useddiavarding speech and SV1400 for
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forwarding data. Their first multi-channel radielay system for the UHF band (type
FM 24-400) was introduced in 1966 and for the SldRd(type FM 120-7000) in 1968. The

systems were of course analogue. The FM 24-400clianel 360 MHz frequency band

relay system) was partly implemented with vacuubresusince UHF band power transistors
were not yet available to affordable prices.

Radio relay systems between Finland and Sweden established at the beginning
of the 1960's starting in Helsinki and continuing Wuuksio, Pusula, Salo and Turku to
Stockholm. In the beginning of the 1970's a corinadbetween Vaasa and Umea (Sweden)
was established.

In 1974 the first generation of digital radio relsystems, PCM 30-400 (pulse code
modulation) using binary FSK modulation was depebb as a modification of the
FM 24-400. The manufacturer had already formedetdNbkia Oy. In the years 1965...1976
a total of 3729 radio link equipment (TX / RX paivgere produced in Finland by Nokia Oy.
After the second digital radio relay generation 800 in 1977 there has been a huge
development of TRRSs. One nowadays bumps into nady systems almost everywhere:
where a mobile or portable phone works one canglyifind a radio relay terminal at the
base station site. Nokia has not been the onlylgupgf radio relay systems in Finland. Its
competitors have been and partly still are inteoma manufacturers like Ericsson,
Siemens, Nera, NEC, Thompson, Waves, Avantek, ffaJetutophon etc.

In 1972 the first radio relay system between Fidland the former Soviet Union was
built between the Pagjarvi forest collective coreband Kuusamo after Finns had started
building of the P&é&jarvi collective combine. Theitarelay system was realized with three
parallel one channel radio relay systems. Two calsmwere used for speech and one for a
telex connection. The radio relay systems equiprentprised radio relays of Nokia of the
types SV1100 and SV1400 operating in the 150 MHmndbaThe Finnish antenna
manufacturer Aerial Oy, just starting its businesgnufactured the antennas needed in the
radio relay systems including their special featui@e corner reflector antenna was used for
the first time in Finland). The Pa&jarvi link spased in the beginning two hops from
Kuusamo to Ruka and continuing to Paajarvi. Afteising the power of the radio relay
transmitter with an amplifier especially designed this link, only one 102 km hop was
needed between Kuusamo and Paajarvi.

The triumphal march of radio relay systems was algtays a triumph. When
advancing the Finnish long distance trunk netwdhnke ttoaxial cable was a serious
competitor to radio relay systems and it displagetbast a part of radio relay spans. Later
when fiber optics took over the connections withstiperior transfer capacity the faith of
radio relay systems seemed to be sealed.

It, however, proved to be otherwise. For severaty®okia supplied small quantities
of radio link terminals (TX/RX). In January 2004etiNokia FlexiHopper product family,
that was released in 1999 reached the productiamtiqy of 100 000 units. The links are
operating in the 12, 13, 18, 23 and 38 GHz frequérands and they are used to connect
mobile telephone networks to the wired line netwditke typical operating range is 3...6 km
and the capacity is four times 2 Mbit/s that offésar times 30 speech channels for use.
Additionally the RF part of the link is one entityat includes an integrated planar antenna.
This makes it more favorable and faster to insaid an existing infrastructure when the
alternative would be installing fiber optic cabkesd even excavate streets to install them.
The Nokia MetroHopper product family (also launchedl999) with a smaller operating
radius operates in the 58 GHz band. It also offets times 2 Mbit/s capacity with an
operational range of 0.3...0.6 km and four timesspBech channels. Radio relay systems
based on analogue technique are no longer prodndédiand.

96



5.2 TRRSs and their users and their number in Finlad.

In the radio frequency regulation 4J/2007M publéhgy the Finnish Communications
Regulatory Authority [25] there are several frequebands allocated for TRRS's. A brief
overview of frequency bands, purpose of use, uaats number of terminals (spans) for
TRRS's operating above 1 GHz is presented below:

PMP 1400 (point to multipoint), frequency band 132830 MHz

Used in northern and eastern Finland to substitite lines between junction centers and
local exchanges. Telia-Sonera is operating aboutspéns. Networks are no longer
expanded, only their maintenance is carried out.

DRS 1800 (Digital Radio System). 1705...1870 MHz.

Used in northern and eastern Finland to replaafixire lines between junction centers and
local exchanges. A couple of tens of spans areatgeiby telecom operators, VR (the state
owned rail road company) and the defense forcessdhwill give way to GSM [25]. The
frequency range above 3 GHz is already at risk.

DRS 2000. 1910...2100 MHz.
The telephone trunk network in northern and eadtartand. Tens of spans. These will give
way to IMT 2000 (3G) [25].

DRS 2100. 2030...2280 MHz and DRS 2600. 2500...268Q.
Telephone trunk network connections, over 100 smgesated by telecom operators, VR
and the defense forces, etc. These will give waib 2000 [25].

Fixed access network, 3410...3600 MHz.
In big cities and in rural areas to replace subscriwire lines. Thousands of connections
operated by telecom operators.

Broadcast radio relay systems, 3600...4200 MHz.
Both analogue and digital program distribution #nkfor example for TV program
transmission). Several hundred spans all overabatcy operated by Digita Oy.

DRS 6200, 5900...6450 MHz.
Reserved for high capacity radio relay systems.dral is not in use at present.

DRS 6800, 6450...7100 MHz.
High capacity radio relay systems. A few spans afeer by Telia-Sonera.

DRS 7300, 7100...7450 MHz and DRS 7600, 7450... MBQ.
High capacity radio relay systems. Several tenspahs operated by telecom operators and
the defense forces.

FMTV 8000, 7750...8200 MHz.

Fixed and mobile broadcast radio relay systemseample for transferring TV programs).
Tens of spans all over the country operated byt®@y and YLE (the Finnish Broadcasting
Company).
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8200...8500 MHz.
Band reserved for radio relay system operation.ifNase at present.

Fixed access network, 10.5 GHz.
In use only in Helsinki.

Medium capacity (34 Mbit/s) radio relay systemsGi3z
Hundreds of trunk network spans operated by telegpenators and the defense forces.

15.0; 18.7 and 23 GHz.
Use as above. Thousands of spans.

Fixed access network, 26 GHz.
In use only in Helsinki.

Mobile telephone base station connections, 38 Gidz58 GHz.
Used in southern Finland.

In future (within the next 15...20 years) radioklifrequencies below 6 GHz are
endangered from the frequency needs of the mobléplione network service (4G) and
other mobile services. Also in the frequency rabgw 10 GHz preparations for the future
ultra wide band (UWB) frequency needs are mades&imeeds are already discussed in the
ITU and in the CEPT.

5.3 Topological and economical location needs of R8's

Differing from conventional telephone lines, whexieysical wire lines were built between
two locations with pole line, open wire, air cablecoaxial cable or buried cable following
public roads, radio relay systems (link span) hagrolocation requirements. The antennas
of the link span must at both ends be located gb that their first Fresnel zone stays free
during standard propagation conditions. To realide link masts at both ends are usually
required. To keep the mast heights reasonable aldtenefits provided by the terrain are
used. Masts can be built at high terrain levelsridges, on top of water towers, on eskers
and on mountains to reduce mast heights. Thisitotaf the site usually creates the need of
a feeder connection to the exchange, which ususllgcated in a population centre. The
need of connection may also branch into severakglavhere for example YLE distribution
link towers have been built at the most importamailohing points. Link spans built into the
archipelago are, on the contrary, tied closehh®topography of the region of operation.

Figures 45 and 47 show the locations of individwedio links of the radio relay
systems of different operators in Finland. Figugesthows the locations and coverage areas
of weather radars operated by the Finnish Metegrcéd Institute. Figures 46, 48 and 50
show link and radar station outer construction.

According to the link span maps it is difficult tmd a spot for a radar station that
produce spurious emissions. At almost all thinkallgar station spots a link station is too
near or one of the link spans runs through a sectbne with the radar transmission. The
location of radar stations must be planned so ¢batplete radar coverage is achieved but
must unconditionally be implemented with equipmethtat produce no spurious
transmissions or will suppress spuriouses withcéiffe filters (acceptance requirement in
the inspection measurement by FICORA).
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Figure 45. The program distribution radio link netiks, operated by Digita on 3.6 -
4.2 GHz. The connections are partly analogue, padigital. Link span lengths are on
average less than 100 km.

Figure 46. A TRRS tower
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Figure 47. The high capacity radio link networkseosted by telecom operators and the
defense force in the 7.3 / 7.6 GHz frequency baBgan lengths are at an average less than
50 km.

Figure 48. Army link mast.
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Figure 49. The station locations of weather radarsl their coverage areas. Measurement
range set to 200 km. The 5250...5280 MHz frequearoye is reserved for weather radar.

Figure 50. A weather radar station
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If a weather radar spurious transmission spectrxi@nels 1.5 GHz below itSF the
broadcast links start getting interfered. Equalig spreading of the spurious transmission
spectrum upwards causes the high capacity linksait getting interfered.

5.4 Special features of terrestrial radio relay syems

A radio link network usually is a static networktkvifixed station sites. Due to this highly
directional antennas can be used. This reducedareaace coming from sources not in line
to the span. Due to highly directional antennastéi@e frequency can be used several times
at the same station than would be the case withnaas with a wide main lobe. The
disadvantage of highly directional antennas is thatmast must be equipped with an anti
torsion mechanism at the top which increases theswanstruction costs. The narrower the
antenna lobe, the greater the risk of losing th@smitter antennas lobe at the receiving
antenna, due to torsion of masts. The torsion efrtfast forth and back can be caused for
example by high wind speeds in the mast where thd lpad relative to the vertical axis is
unsymmetrical. Also heavy ice and rime layers cagsting of masts. Also refraction
changes can cause outage of a link connection wigedirection of transmitter and receiver
antenna lobes change so that the radio wave dadstribe antenna of the opposite station.
Multipath propagation also causes problems when réfected and delayed signal
components either enhance or more usually atterthatenain signal when the fields are
summed in the receiving antenna. This interferecae be reduced by applying space
diversity. This, however, raises the start-up cdstsause an additional antenna and a
diversity combiner must be installed.

Nowadays link networks mainly use frequency barits/a 3 GHz, so the influences
from interference signals from other electrical lagpres are small. EMSEC [34] has been
doing interference measurements in Finland, forngta on interference power field
intensities of sparking between the electric loctweocollectors and the overhead contact
line. According to the measurements the interfezdi@ld strength reaches its maximum in
the frequency range from 160...400 MHz. At freques@bove 2 GHz almost no interfering
field strengths were discovered.

Output powers from TRRS's are low, at their highasthe range of a few watts.
When the attenuation between antennas outsidedtfesidght direction is high, typically
more than 100 dB, the transmitter cross modulatignals usually cause no problems.

Due to the fixed position of link stations all inplevels in a star point (where link
connections from different directions combine) d@nadjusted to be almost equal and of
adequately low level. This is done to enable cdimigp of cross modulation between the
different received signals.

High level interferences of far away systems seldootur, because the path
attenuation of a radio transmission is proportiolmathe square of frequency and to the
square of distance.

The special features presented above are validbdtr analogue and digital radio
links.

5.5 Quality requirements of digital paths

The Finnish Standards Association's (SFS) standeds been followed in the presentation
in this section.
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55.1 Area of application

SFS has published the standard SFS 5626 [35] auingequality requirements for digital
connections. The standard defines quality requirgsnef a digital 64 kbit/s connection from
subscriber A to subscriber B using a reference. path

The quality requirements are based on digital syrslips, jitter and wander, delay,
and availability of a digital hypothetic referenuath.

5.5.2 Digital hypothetic reference path

The digital hypothetic reference path is a modat tan be used for determination of
quality requirements of a digital connection intsacway that makes it possible to reach the
total quality of service of a telecom network. Theodel has been published in ITU
recommendation G.801 [36].

5.5.3 Digital errors

With a digital error is here meant the inconsistethetween a single signal element of
transmitted signals and the corresponding recealigithl signal element. Depending on how
the errors are generated the errors can occundsmasingle errors or as erttoursts having
random length and density. The error performangairements relates to a 64 kbit/s circuit
switched duplex connection in a PDH network (SDHwmoeks have own definitions). The
requirements are defined by the error rate in taretime framel, measured during a long
time frameT,_ when the connection is in availability state. Tbkkowing error rates and time
framesT, are used in the definition:

- (degraded minutes: time frarfig = 1 min, error rate worse than 1°1@s not included
in ITU recommendations),

- severely errored seconds: time frafide= 1 s, error rate worse than 1°1(t most 9
consecutive seconds) and

- error-free seconds: time frafig= 1 s, zero errors.

The digital hypothetic path of 27 500 km must fulfhe following error performance
requirements:

- (the fraction of degraded minutes must be less thO %, is not included in ITU
recommendations),

- the fraction of severely errored seconds musésethan 0.2 % and

- the fraction of errored seconds must be less 8#n

The quality requirements are allocated to the dhfieé parts of the connection
allowing them a certain percentage of the requuaddes of whole connections. For this the
reference connection is split into parts and guadivels according to Figure 48 and Table 3.
The values in the table are allowed percentages(percents) of degraded minutes, errored
seconds and severely errored seconds.

The local grade and medium grade are associatédbeth ends of the connection.
Additionally a common 0.1 % has been reserved lier deverely errored seconds at the
medium and high grade sections for extremely untae conditions (radio relay systems
and satellites).

The national splitting into parts of the error hiamgl capability at different levels of a
digital network is presented for Finland in thenstard SFS 5627 [37].
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Table 3. Error performance requirements on a 5Sh&mfor different quality levels.

Performance level Local gradel Medium grade High grade

Degraded minutes 1.50% 1.50% 0.20%
Errored seconds 1.20% 1.20% 1.15%
Severely errored | 594 0.02% 0.001%
seconds
B 27 500 km R
B 1250 km 3 25 000 km 3 1250 km R
Local Local
exchange exchange
| T-ref. T-ref
| |
Local Medium High Medium Local
grade grade grade grade grade

Figure 51. The splitting of error performance reguments on the various transmission
guality parts of the ITU-T hypothetical referencp

554 Slips

A slip is defined as repeating or non-appearanca single bit or a certain group of bits
occurring at any junction exchange of a digitalwerk. Performance requirements are
presented in ITU recommendation G.822 [38].

The allowed average density of slips:

When values are given for the average slip densftyan international digital
connection, the reference connection accordingTld tecommendation G.801 is used.
Finland is assumed to form one synchronizing ahed operates plesiosynchronously on
international connections as defined in [39].
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The allowed average slip densities are given inléfdb

Table 4 Requirements on slip density in HDRP

, , Fraction of total
Average slip density time
< 5 slips in 24 hours 98.9 %
>5 slips in 24 hours and 0
< 30 slips in one hour <1%
> 30 slips in one hour <0.1%

555 Jitter and wander

With jitter and wander is meant the deviation of significant instants of digital signals
from the ideal periodic instants BJ from their nominal positions. Wander is the shpwil
varying part and jitter is the rapidly varying paftthis phenomenon.

In the standard SFS 5647 the performance requiresirfen jitter and wander of
junction of the network are presented. For transiois systems the similar characteristics
are presented in the transmission system stand@td [

5.5.6 Delay

Delay appears in harmful quantities in internatlom@nnections. The performance
requirement in speech transfer is presented inrBlddmmendation G.114 [40].

5.5.7 Availability

The availability of the network (ITU recommendati@n106 [41]) means the capability of
being operational in the required way at an amyitraoment of time or at any time in an
arbitrary time slot. The connection is considerede in a non-availability state when the
error rate of all seconds is worse than F-d0ring ten consecutive seconds. The connection
is seen to return into availability state when ¢ner rate of all seconds is better than .10
during ten consecutive seconds. These ten secoadscéuded in the non-availability time.
The availability of the network is also affected dxyuipment failure, power supplies
and transmission equipment, cable faults, the ¢ijpereof fault repairing organization,
interferences occurring on the transmission pathkanth backup and protection systems

5.6 Interference criteria of TRRS's

The block diagram of a typical radio link connentis shown in Figure 52. In this figure a
4PSK radio communication connection is presentetth wipical devices and parameter
values.
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Transmission rate = 34 Mblt/sG - 36 dB f, G =36 dBi

Modulation = 4PSK t
2
Symbol rate R= 17 MHz E —
d=35km, L=141dB, M=34dB

3dB 3dB

. = 7300 MHz o Pun = - 49 dBM/17MHz
P .= 26dBm/ <—p, = - 98 dBM/17MHz
in,out
Tz | 1 || R h IF = -5 dBM/17MHz

Terminal A Terminal B

Figure 52. Link budget and radio link block diagrarthe investigated TDRRS.

Following assumptions are made:

- the carrier frequencyne of the link is 7300 MHz, (the frequencies of theot

connection directiondyr andfyg, , are different)

- the link output powerRjin ou, Of the transmitter is 26 dBm and the signal badtdw

is 17 MHz

- after the transmission path attenuatib)y @ntenna gainQ), feed line and splitter
attenuation the input signal level of the recei@k,n, is —49 dBm and the signal

bandwidth is 17 MHz,

- at the same point the noise power le®gl, is —98 dBm on the 17 MHz bandwidth

(equipment parameter) and

- the assumed connection length,is 35 km and the flat fade margm is 34 dB

when aSNRrequirement of 15 dB is taken into account.

The interference criteria for the investigated lgain be described as follows:

- In a dense radio link network, where the linke aperating in an interference
limited environment, the long time interference nagyeriorate the required flat fade

margin of the radio link by a maximum of 1 dB.

- In the case of long time interference the intenfiee power level must be 6 dB
below the receiver's noise power level. This mehasthe signal to interference ratio

(C/1) under normal propagation conditions must be:

C/1=M +C/N(10°)+6[dB] (5.1)

where: -M is the actual flat fade margin,
- Cl/l is the carrier to interference ratio where

- C is the received TDRRS power level (The definitimisC is valid in the

whole thesis)

- | is the interference peak power level (The defwnisi of | is valid in the

whole thesis)
- CIN(107% is the signal to noise ratio at which the erateris 10° where
- Nis the noise power level in the receiver filterpmit and

- in a very short temporary interference situatioa signal to noise ratio may

be (< 1 % of the time):
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C/1=C/N(10°)[d8] (5.2)

If the interfering transmitter is a radar transeiitthe long time interference criteria is
always used.

Table 5. Required signal to noise ratiodifierent modulation systems at bit error
ratio of 10°.

Modulation systems C/N(10™)

4PSK 14 dB

16QAM 23 dB

32QAM 25 dB

64QAM 29 dB

128QAM 32 dB

The C/N(10°% values given in Table 5 do not comply fully witheoretical values in
an AWGN-channel, but they are values observed actmal measurements with radar
interference present [42]. These values have beendf satisfactory for measurements by
the frequency regulator. A theoretical treatmentthe impact of pulsed interference on
2PSK is given in [43].

The interference power budget and the TRRS link ggoloudget are shown in
Figure 53.
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Figure 53. The impact of interference to the linklget.
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In Figure 53 the power budget of a radio link iswh starting from the transmitter's
output power level and ending at the —83 dBm poleeel (including a 34 dB flat fade
margin) at the radio link input. The noise poweseleat the radio link input is during a non-
interfering state 14 dB lower than the signal & link —97 dBm. This can be regarded as the
maximum power level of interference signals. Whateriference occurs on the transmission
path inside the frequency band of the radio linklevthe flat fade margin already is used up,
then the total disturbance power level (interfeeslevel —104 dBm in the figure) raises to
—97 dBm with a 14 dEC/(N+1) ratio. If the interference level still increasés bperation of
the link begins to deteriorate. The interferencéhm link is seen as an increase in error rate
that causes speech quality degradation.

Due to fading the flat fade margin of 34 dB decesat® 0 dB when the signal power
level decreases from —49 dBm to —83 dBm. If thanfgdtill increase, the carrier to total
disturbance ratioQ/(N+l) = 13 dB) starts to decrease and the link recajees into non-
availability state. Recovery from non-availabilistate requires 10 consecutive non-
interfered seconds. When, for example, a radarfares the link receiver, the link gets no
possibility of recovering from the non-availabilisgate due to the radar antenna rotating at
9 seconds per rotation (this is shorter than thaired 10 successive seconds).

57 The interference mechanism of TDRRS

As mentioned before short radar pulses do not caussh interference in analogue TRRS's
narrow speech channels (300...3400 Hz). In digddio systems the situation is different.
The interference mechanism of a TDRRS or other laindigital radio system can be
described as follows:

Let's assume a 4-state phase modulation (4PSK)nmidalation can be represented
at the decision sampling instant as one of fourtars¢c each corresponding to a unique
combination of two bits (Figure 54).

4-state modulation (e.g. 4PSK)

interference signdb
(voltage)

decision-making distance

wanted signah

interfered signat
(voltage)

“._ decision area border

.
’ Ny
N

Figure 54. Phasor diagram of interfered 4PSK.
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The diagram shows how the interference vedtofinterference signal vector) is
summing to the vecta representing the wanted signal with their ampésidnd phases. If
the frequency of the interference differs from denter frequency of the radio link the
interference vector starts rotating with the vedwsr current symbols vertex as its center
point. The rotation direction is clockwise if theterference frequency is higher than the
center frequency of the radio link. Similarly it @unterclockwise if the interference
frequency is lower than the center frequency oflitile The rotation speed is depending on
the frequency difference. If no frequency shifppiesent the interference vector stays in a
constant direction. If the amplitude of the inteeigce stays constant the length of the
interference vector stays constant. When the rtedf signalc level vector exceeds the
decision area border the detected symbol beconiss. fahe interference signal in this
example is assumed to be an unmodulated sine \aavenfnodulated pulsed spurious signal
of the radar) and noise is negligible.

When the radar transmits several sine-shaped supolsed signals with the pulse
repetition frequency RRP the sum vector is formed from all signals corgdinn the
intermediate frequency band. This means that aveéniex of the actual 4PSK-signal is the
center many interference vectors of different laraytd rotation frequency. The interference
vector is the sum of all these vectors.

4-state modulation (e.g. 4PSK)

- -
-~ N\

interference signdd e M
(voltage)

decision-making distana® s '
b 00 1
A 1 e
! v
v ,"7 .
.,/ -] wanted signaa
interfered signat j ) (voltage)

(voltage) \
104 BLES F3d > 01

“_ decision area border

. ~,
P} Ny
N

Figure 55 Phasor diagram at decision instant of KR&ith interference not alone causing
symbol error

Figure 55 shows a situation where the interferethmes not cause decision errors
when noise is negligible. This is the case whenstgeal vector is more than 3 dB higher
than the interference signal vector20-log(|b|/|a|) < —3 dB. In this situation the sum
vector vertex will stay in the correct decisionaregardless of the phase of the interference
vector, and an erroneous decision will not be m&ae.stronger interference it depends on
the phase of the interference, whether the decisioarrect in 4PSK.

109



As reference system 4PSK modulation has been unséigure 54. When using 2PSK
the interference signal must be higher than thetedarsignal to make decision error
interpretation possible. In 2PSK ti@&/(N+I) maximum value is < 0 dB. The maximum
interference to signal ratio in dB making data exienprobable are given in Table 6.

It should be kept in mind, that:

- Signal vectors, noise, and interference vectepsasent sample values at the decision
circuit input (includes impact of reception filter)

- With 2PSK even higher interference can be todetatithout causing decision making
errors, when the direction of the interference et not orthogonal to the decision area
border.

According to Figure 54 the interference signal gett causes a symbol error when
the sum vector crosses the decision area bordéiglre 55 the interference vectodoes
not create a sum vector crossing of the decisi@a dnorder. However, the interference
vectorb might, while summing up with the wanted signalteeccause the sum vector to be
attenuated so that a erroneous symbol decisionaoayr due to noise, or it is increased so
much that non-linear effects occur.

Table 6. The theoretical (noiseless transmissica®imum interference to average
signal power—value in dB for different modulatioetimods.

Modulation systems I/C [dB]

2PSK +0.0

4PSK -3.0

8PSK -8.4

16QAM -10.0

64QAM -16.2

To make it possible to estimate if an outside digaases harmful interference to the
TDRRS both the system link budget must be calcdlatel the interfering signal level must
be measured. The measurement of an interferingisigwel (for example spurious emission
of radar) has been described in Section 4.3.4 ‘Dwtation of radar spurious
transmissions."

The target pulse shape of a TDRRS using linear matidn has usually a raised
cosine spectrum shape. Raised cosine filtering fera off so called Nyquist filtering,
where sampling of the channel impulse response sythbol rateRs produces only one
sample differing from zero.

As digital circuits generate almost ideal rectaagyulses, not impulses, a so called
sinc corrector is needed to correct the spectruapeshThe total filtering is normally split
equally between the radio link transmitter and inesre
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The transmission pulse spectrum and the pulse simaffee output of the receiver
filter are as follows, [44]:

T, |f|s(1—a)%
V4 5.3
X(1)= %{HCO{E(MT——;(}a)D} (ra)Lelis(ra) 2 (5-32)
0 1> (1+a)

‘ co{m_f_j
X(t) =sin¢| — |—————=% 5.3b
(® c(Tj . (5.30)
where: -f is the frequency

Ak
T
- T is the symbol duration (= R§)
- o is the spectrum roll-off parametric identifyingettotal bandwidth

Raised cosine pulse spectra
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Figure 56a. Raised cosine pulse spectrum.
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Raised cosine filter impulse responseg:=0, 0.25
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Figure 56b. The equivalent low-pass impulse respoof the pulse with raised cosine

shaped spectrum.

For determination of a link budget the followingsha attributes
possible to perform a digital broad band signal @omeasurement:

- measurement is done with an SA,
- BmeasiS the measuring bandwidth,

- symbol rateRs =Rg / logNs,

- Nsis the size of the symbol set,

- power spectral density(f) is Pt / Rs,

are needed to make it

- total average power levBly = Preast 10I0g(Ry/Bmead, WhenBmeas<< Rs and

- fcis the TDRRS carrier frequency.

5.8 Measurement of radio link interference

Because the radiation pattern of radio link anterawad the transmission characteristics of
the receiver filter play a significant role in thedio link getting interfered the interference
measurements should be carried out using the TDRR$eceiver as measurement receiver

according to the measurement setup shown in Figjtire
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Figure 57. Basic measurement setup of interferemeasurement.

With the link interference measurement system prteskein this work the intention is
to approach the measurement problem step by sigb@-.Fig 60) and prove how the own
received power level of the radio link and the aigevel of the possible interference reach a
satisfactory and reliably readable level differe(&® dB, from Figure 53).

The dynamic range of the measurement sigdBlg, is in this context defined as the
difference between the peak level of either theeikexd radar signalPngin, or TDRRS
signal, Pinin, (in practice the average power level) and thek pexzel of the strongest radar
SF-signal in the TDRRS transmission chanBekmax (EQ. 5.4)

DRsig :max{ I:ﬁn,in 1FI)\IF,in} - F%F,max (54)

The dynamic range of the measurement sysieR), is defined as the difference
between the SA maximum input lev@lsamax and the average level of the measurement
noise level Py sys reduced to the SA input. Both levels can be reducesbme other point
in the systen(Eq. 5.5)

DR=Rpmx~Rige (5.5)

For a successful measurement must the dynamic &rtge signal increased with the
minimum SNR for an accurate result of the spurisighal level, SNR,», be inside the

dynamic range of the measurement system. This eagxpressed with the three following
inequalities:

DR, + SNR, < DF (5.6a)
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max{ R, sx.Pur. s < Poma (5.6b)

PSF,max - SNRnin 2 I?\l),sys (56C)

If the above inequalities are not fulfilled speci@asures must be taken e.g. selective
attenuation of the radar NF-signal, amplificatidntlee SF-signal and improvement of the
noise properties of the measurement system as was dith the system described in
Chapter 4.

The basic block diagram of the interference measeant setup is presented in
Figure 57. Figures 58, 59 and 60 it is shown hovasneement dynamics can be increased
with several practical measures.

Attention must be paid to the fact, that the traigsion directions have different

frequencies f{ and f;). This leads to different loss behavior betweea to different
directions.

5.8.1 The interference measurement without the radio hnkennas and receiver
(step 1).

In Figures 58, 59 and 60 three different block chags for interference measurement are
presented with typical TDRRS parameter values.

Radar —>f.
G=36dBi " G = 36 dBi G =10 dBi
f, N fc
< 2 i >
d=35km, L=141dB, M=34dB
s P. . =- 49 dBm/17MHz
- 98 dBM/17MHz
A - 104 dBmM/17MHg

A=1dB

P = -5 dBm/17MHz
fc = 7300 MHz (f)

Pyr sa= -128 dBm

Pin.out = 26 dBM/17MHz Pnsa= -73 dBm
Transmission rate = 34 Mbit/s F,=27dB Spectrum

Modulation = 4PSK Bieas= IMHZ| analyzer

Symbol rate R= 17 MHz Py=-87dBm

Figure 58. Interference measurement setup in Step 1

Step 1: A typical radio link connection is assurasgresented in Figure 58 where the
occurring interference should be measured with AnaBd own measuring antenna. The
antenna gain is 10 dB and the feed line attenuasich dB while the SA's noise figure
typically is: F = 27 dB and the measurement bandwiBlh.sis 1 MHz.

At the SA input the measured transmission poweel[By sais:

Fi)n,SA: I:>Iir1, out Asplitter + Glin ant L + Gmeas ant A (573.)
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where: -Pin sais the power level of the TRRS at the SA input,
- Piin,out IS the output power level of the TDRRS transmijtter
- Aspiitter IS the TX branch attenuation in dB of the dupliters,
- Giinant is the gain in dB of the TDRRS transmitter antenna
- L is the transmission path loss in dB,
- Gmeas,aniS the reception antenna gain in dB of the measent system and
- Alis the attenuation in dB of the measurement systet@nna cable.

Calculation example for Figure 58:
P, sa= 26[dBm - § d§+ 3¢ dB- 141 dp 10 db+ [1 dB=- {3 dBi(5.7b)
Equation (5.4) shows the power budget of the rédiofrom the transmitter to the SA input.
The noise powelPy of the SA on the measurement bandwidtB{zJ is:
Py sa= F +100og(KT,) + 100log B,...) (5.8a)

where: -Pn.sals the total noise power level at the SA input,
- F is the noise figure of the SA,
- kis Bolzmann's constant 1.380 TuK?,
- To is the temperature 290 K and
- BreasiS the SA measurement bandwidth.

Calculation example for Figure 58:
PusaldBm] = 27 dg + (- 173[ dBrjw 10 logf) dB-- &7 dHh 1Mt (5.8b)

The average TDRRS signal is only 2 dB above naselland therefore not reliably
detectable -85 dBm - (=87 dBm) = 2 dB. This me&as it is impossible to measure tBe
signal reliably.

DR, =max{ R, . R} = R

lin,in 7 "NF,in

P

SF,max+ X_ F% X’ (5 9)

F,max = F,max:
and the dynamic range of the measuren®mtem wherPspymax=0 dBm and
Pnsys= —87 dBm is, (WheX = Pne - Psg)

P

DR=PR, o= 0~ (-87)= 87 dE. (5.10)

Amax_
Thus Eg. 5.6a is fulfilled if the maximum radar &mponent in the TDRRS channel
is larger than-87 dBc.
The inequality in Eq, 5.6b can in this case betemiin the form
PNF,SA = P

SEmax

+ X< Py — —128+ X< 0~ X< 128 dE. (5.11)

Thus the maximum SA input level will not be exceddfethe maximum SF-level is
larger than-128 dBc. However, the assumed maximum SA inputllexk in practice
exceed the specified maximum level for linear S&ration. As this is a rather narrow-band
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measurement this will not cause problems, but istnalways be checked that the measured
component is in the radar signal and not genetadtie SA.
The inequality in Eq. 5.6b can in this case betemiin the form

P

srmax~ SNRiw = R~ —128-10= - 87 dBn (5.12)

sys
Thus this inequality is not fulfilled. In this measment system a radar signal
fulfilling the ITU recommendation has a dynamic garexceeding the dynamic range of the
measurement system and an SF-signal that would nostimpact on the TDRRS
performance cannot be measured due to the higk nbihe measurement system.

5.8.2 Interference measurement with an SA usingwarioise preamplifier (LNA)
and a band-stop (BS) filter, (step 2).

Because the dynamic range of the above measureysteim (Step 1) does not fulfill the
requirement the measurement system is improved avithNA and BS filter as shown in
Fig. 59.

Radar f
ya ¢ .
S ]
G = 36 dBi ! G = 36 dBi G = 10 dBi
f2 _________fg ________ >
—
d=35km, L=141dB, M=34dB @
3dB -
L P, . =-49dBm/17MHz 11
' <

Py =-98 dBm/17MHz

fc = 7300 MHz (f)

Pgrps= -128 dBm

P.=-5dBM/17MHz | Bs fiter
A=0...80 dB|

P, .= 26 dBm/17MHz

Transmission rate = 34 Mbit/s Pu. e = - 110dBm/1MHz Li:_ 1
Modulation = 4PSK F, = 4dB

Symbol rate R= 17 MHz G, =40dB

F,=27dB | Spectrum
=1MHz | analyzer

meas

B

Figure 59. Interference measurement setup in Step 2

The noise figure of the LNA i6; and its gairG; noise figureF; is 4 dB and its gain
Gs is 40 dB and the SA noise figug is 27 dB.

The total noise factdf, of the measurement system at point 1 can be eaéaifrom
the following equation:
F. =F, +(F,-1)/G, (5.13a)

r

where: -F is the combined noise factor of the SA and LNAhatLNA input,
- F1 is the noise factor of the LNA,
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- F, is the noise factor of the SA and
- G is the gain of the LNA
- (noise figureF = noise factor in dB)

Calculation example for Figure 59:
F =2.51+(50% )/ 10008 2.56 4.08 { (5.13b)
ThePy of the SA withBneas= Rs= 17 MHz is reduced to the LNA input (point 1):
P, .wa=F +10log(KT,) + 10lod B,...) (5.14a)

where: Pn.inais the total noise power at the LNA input,
-F, is the noise factor of the cascade LNA and SA,
-k is Bolzmann's constant,
-Tois the standard room temperatufe £ 290 K) and
-BmeasiS the SA measurement bandwidth.

Calculation example for Figure 59:
P.wa[dBm] = 4.0 dB+ (- 173 dBrh+ 10 logf) dB-- 1j0 dBm /1M  (5.14b)

The noise power level obtained in Section.15.8-87 dBm) is now reduced to
(=120 dBm). When in Section 5.8.1 the link sigmalie measurement system was 2 dB over
the noise power level, in this measurement setup.qpthe link signal power on the SA
display is NnowPi, sa— Pn,in = Pin.Lna— Pnina = (=85dBm) — (-=110dBm) = 25 dB above noise
power level (the signal of the link transmitter mesained unchanged, only the noise power
level has decreased).

The dynamic range of the measurement signal im@surement system input is
+ X- R

DR, =maX{ R, 1+ Rein} = Remax = R X, (5.15)

lin,in * "NF,in SF,max F,max"

and the dynamic range of the measurement systéne imeasurement system input is

DR= F% GLNA+ LBS_ PN sys L BP

=0-40+ L~ 110y Lo, = 70 dB-Loy-L o

A max

(5.16)

Thus Eq. 5.6a is fulfilled iK is less tharrO dB + Lgp— Lgs Especially, ifX = 100 dB
the needed difference between the BS-filter attemmaof the radar NF-signal and the
attenuation at SF is 30 dB.

The inequality in Eq. 5.6b can in this case betemiin the form

Pur.sa = Psemax T X = Lgst G S Popax — ~128+ X— Lgg 40< C

(5.17)

Thus, ifX = 100 dB the needed BS-filter attenuation is driydB.
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The inequality in Eq. 5.6b can in this case betemiin the form

P, Ler~ SNR,, = R yu— —128-1- 102 - 110 dBr (5.18)

F,max -

Thus this inequality is not fulfilled. Also anothdyasic problem remains, this
measurement system has an antenna which cannbyt lkeagiut on the same height as the
TDRRS antenna, and its gain pattern is also vdfgrdint.

5.8.3 Interference measurement using the radis lovikn antenna and receiver
(Step 3).

The best and most appropriate measurement of fadtianterference levels is to use the
own antenna of the radio link and as preamplifieuse the link receiver. Additionally to
satisfactory measuring dynamics one also gets theadt of the antenna side lobe
attenuation and the attenuation of the receiveerfinto the measurement results. These
often have a significant effect on the interfereateadio link connections.

In this method the TDRRS transmitter is switchefl afid instead a local sine
oscillator is connected to the TDRRS receivers limportant for the measurement that the
AGC function can be deactivated or locked to aaierevel with help of a signal from an
external RF generator. Its power is the same aFR®RS power at the feed point. This is
necessary because of the requirement of keepingRIRS receiver operational point in the
linear part of its operating range at an optimuniu@a Otherwise the receiver gain will
increase to its maximum value, when the DRRS tratesmis switched off for the
interference measurement.

Radar - fe R
SO ]
G=36dBi — ",  G=36dBi
_é f2
d=35km, L=141dB, M=34dB
3dB 3dB _|
lf_ 10dB/ geEeFr-ator
o] &
Pinin = - 49 dBM/17MHz
f.= 7300 MHz e - a4m Py =-111 dBm/1MHz
= 1 RX
Pinou = 26 dBM/17MHz G, = 44dB
Transmission rate = 34 Mbit/s
Modulation = 4PSK F,=27dB Spectrum
B....=1MHz analyzer
Symbol rate R= 17 MHz meas y

Figure 60. Interference measurement setup in Step 3

In the following analysis the parameter valuesheféxample system are used.

The total noise factof, of the receiver (in Figure 60) based on the SA tedlink
receiver characteristics can be calculated as shovBection 5.8.2 when the link receiver
gainG; is (-5 dBm) - (-49 dBm) = 44 dB and its noise figk; is 3 dB.
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F, =F, +(F,-1)/G, (5.19a)
where: -F, is the total noise factor generated by the TDRR&SA at the Rx input,

- F1 is the noise factor of the TDRRS receiver, 3 dB

- F, is the noise factor of the SA and

- G; is the gain of the TDRRS receiver.

Calculation example with the noise figure valueigure 60
- (noise figureFy = noise factor in dB)

F, =2.00+(50% }/ 25118 2.02 3.p5 di (5.19b)

The noise powePysa Of the measurement system with the 17 MHz measeméem
bandwidthByeasis:

P
NRx=F +100og(KT,)+ 10logB, .. (5.20a)

where: -Pn rxis the reduced total noise power sum at the Rutinp
- F, is the total noise factor of the measurement gyste
- the second term is the thermal noise power deltemn the TDRRS
connection for 1 Hz measurement bandwidth and
- BmeasiS the measurement bandwidth in Hz.

Calculation example using block diagram parameteFsgure 60Py ryiS:
PurddBm]=3.q d§+ (- 173[ dBrh+ 10 log £9[ dB& - 1fi1 d§m /IMI (5.20b)

The received power lev&}, spat the TDRRS receiver input is —49[dBm] (from Fig®0).

In this case the radar NF-signal is attenuatedhiey TDRRS channel filter in the
branching system and also by the receiver filthrgs assumed that its level is negligible
compared to the local oscillator signal level. Tymamic range of the measurement signal
in the measurement system input is

DRsig :maX{ I:I)in,in 'FI)\IF,in} - R

SF,max

=R

= Remm=—49- € 104F 55d|(5.21)

F,max —
and the dynamic range of the measurement systé¢ne imeasurement system input is
DR=Rpmax~ G~ R4s=0-44- (-111F 67 dE. (5.22)

Thus Eq. 5.6b is fulfilled.

The inequality in Eq. 5.6b can in this case betamiin the form
Posa = Pinin ¥ G £ Rypax — —49+ 44< 0 dE. (5.23)

Thus, the inequality is fulfilled.

The inequality in Eq. 5.6b can in this case betemiin the form

P

e max— SNRy 2 R~ —104-10=- 111 dBn (5.24)

sys
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Thus this inequality is not fulfilled. However,ohe considers that@NR,, = 7 dB is
satisfactory; this measurement system fulfillstafee inequalities. As earlier was stated it
must be checked that the measured signal is rmiréosis response generated by the SA.

It should be noted that the ITU-R requirement atlaraspurious emission levels are
defined for a reference bandwidth while the measereg described in this chapter should
give information about the true peak power leveltlué radar signal passed through the
TDRRS receiver filters. In most cases the TDRR&ivexr filter bandwidth contains all
significant energy of the interfering radar sigiidie radar NF-signal and all SF-components
are basically deterministic signals with a rectdagenvelope. The conversion problem is to
find the relationship between the peak value onntleasurement bandwidth and the pulse
amplitude. The same problem is not significant rafter 4, because ITU-R M1177 defines
a measurement bandwidth equal or smaller than daldarrreference bandwidth which is
much smaller than the effective pulse bandwidtly (88 percent power bandwidth) and
gives simple reduction formulas for that case.

A theoretical investigation has been made to find the difference between the
measured radar interference peak level and the lpeakof the unfiltered radar interference.
It is assumed that the radar interference pulse isectangular sine pulse and the
measurement filter has a rectangular frequencyoresp For instance arlmeasurement
filter bandwidth results in a level 1.18 dB lowérah the radar pulse peak level, while a
2/t measurement filter bandwidth results in a measpesk level 1.43 dB higher than the
radar pulse peak level. A more realistic measurérfiker model might somewhat change
these values. In practice this can be considered bgrresponding change of the X-value
obtained with the measurement system presentetiapt€r 4.

5.9 Summary of Chapter 5

At the beginning of Chapter 5 the history, develepin frequency ranges, their means of
operation and users of radio links have been destriThe special features and their
economical advantages when compared to fixed lmaections are also described.

Quality requirements for digital radio relay systehave been defined. This has been
done when interference of links has been studied.

Also the link connection interference criteria haleen described both with a
measurement setup and link budget. Furthermorengesurement dynamic range has been
estimated. The nature and impact of the interfexdmave been described by an example
using QPSK.

The focus is on the measurement of link interfeesnia this chapter. Three different
measurement setups have been presented. The cliaptains a presentation how the
needed measurement dynamic range has been aclgeestep by step approach. Both the
power and noise power levels have been mathenigticedsented for each measurement
setup separately.
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6 ESTIMATION AND CHECKING OF THE PROTECTION DISTANCE
BETWEEN RADAR TRANSMITTER AND TDRRSRECEIVER

In this chapter the behavior of the bit error rafea certain TDRRS exposed to radar
disturbance is explained. An example of measurddrraterference is shown. A theoretical
method for estimation of the protection distancepriesented. This method is based on a
maximum allowed radar interference level dependingthe modulation method and on
radio link budget calculations where the TDRRS ngreantenna radiation diagram obeys
the ITU-R Recommendation F.699 [45]. The radar pgapion mechanism is modeled either
as free space propagation, diffraction propagabotropo-scatter propagation.

The verification of the protection distance in a&ldi configuration is based on
interference measurements with the measuremenio@itesented in Chapter 5. Due to the
average nature of the used propagation modelsdhiBcation is very important. However,
there has been no possibility to perform such iatiion measurements within this work.

6.1 The occurrence, identification and effect on bierror rate behavior of
radar interference in TDRRS measurement.

The interference caused by radar is easily idewtifThis is because the interference signal
is burst like due to the radar antenna rotatiorhBaurst contains some pulses depending on
the radar antenna lobe width and BieE

When the TDRRS bit error rate as function of theereed TDRRS power level is
studied by measurements one gets a result schathatmresented in Figure 61. The
location and numerical values of the star poinésamy indicative.

BER 1
Beam width of the scanner = 2
10-3 Pulse width = fus
Pulse interval = 1ms
Bit error ratio BER:
10 -4 - power levels on TDRRS bandwidth
— BER=0.5+(Jus/1ms)«(2/360°)=2.8+ 106
10 -5 |
2.8:10° & «C/lL~3dB (4PSK)
10 -6_| , :
107_ | i
-98dBm i : P, Plir:,in
C/(N+l)=7dB ° ' =-85dBm [dBm]
P, P

2
=-94dBm =-88dBm

Figure 61. The effect of the radar interferencetloe measured bit error rate curve.
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The graph shows a typical TDRRS error behavioua thannel containing Gaussian
noise and pulsed constant peak level radar intréer as function of TDRRS signal level. It
is assumed instantaneous receiver recovery aftériaterference pulse.

In the BER-curve occurs an almost horizontal partibat can be interpreted in the
following way:

It is assumed that in non-fading conditions theuiripvel at the TDRRS receiver is
—-49 dBm and the interference peak power level ecthy the radar iB..

When fading occurs, the received power level desmgand approaches the radar
interference signal level. At power leve] the signal to interference rati€/{) approaches
3 dB (which can cause symbol decision errors inkiR®dulations even without noise as
demonstrated in Section 5.6). The received powesl lat this point is so high that the noise
by itself is not yet significantly causing erroW¥ith the power level continuing to decrease
the amount of errors rises until the reception poleegel reaches power levél, where
C/l =3 dB. After this the radar pulse "destroys" atshbwhen it illuminates the TDRRS
receiver antenna. In this case the error ratebia@erage error rate (because on average only
half of the bits are destroyed). When the recepader level still continues to decrease, the
error rate of the TDRRS during radar illuminatidlays at 0.5-average error rate. This is
practically independent of the received power leVlis causes an almost horizontal part in
the curve. The average error rate (in the consilemse 2.8-18) on this portion is
depending on the duration aR®RF of the radar pulse and the radar antenna lobenhvadt
the calculation assuming immediate recovery afieheadar pulse in Figure 61 shows.

When the received power level has decreased tleveéP; the receiver noise begins
to create errors between the radar pulses. Ifebeived power level is still decreasing and
falling below P3; the amount of errors due to noise increases rapktlthe same time the
errors caused by radar remain at a constant lewebacome insignificant. With the received
power level still decreasing, the slope of the erate curve follows the shape of the normal
error rate curve as in non-interference cases.tdti@s the lower part of the curve is shifted
to the right.
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6.2 Radar signal interference in TDRRS investigateth the time domain.

In this section the impact of an interfering radmnal on TDRRS error behavior on
bit level is treated in the time domain using pagtanvalues from Example 7.

Bit flow of the Digital Radio Relay Systems
34 Mbit/s = 29.4 ns/ bit (4PSK in branch)

ime

loss of 34 bits
recovery time
rotation cycle
time of the
radar antenna
recovery ti

no bit loss

no bit loss

LUI 34| 33966 34| time | 34 34| 33966 | 0! linkbitsflow ¢ o !

Pulses of the radar

lps/ 1ms

Figure 62. The interfering of a digital link shownthe time domain.

Example 7. In the following example it is shown bit by bibw a radar pulse may
interfere a TDRRS. Also the example gives the @gpmarameters for a 4PSK link. It is
assumed that the radio link recovers immediatdigrdhe interference pulse. The following
technical parameters are assumed for a TDRRS link:

- Bit rate is 34 Mbit/s,

- symbol rate i) is 17 MBd,

- modulation is 4PSK,

- bit length is 29.4 ns.

- flat fade margin is 34 dB and
- requiredC/(N+l) ratio is 14 dB.

Technical parameters of the radar:
- pulse length is 1is,
- PRFis 1 kHz,

- antenna lobe width is’and
- antenna rotation time is 9 s per revolution.

The TDRRS carrier frequency may be at any carreguency in the allocated frequency
band and the radar spurious emission is on the §aaqaency.
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Figure 62 shows the TDRRS bit flow (upper part) antdrfering pulses produced by
the radar (lower part) in the time domain. The esrand ones of the TDRRS bit stream are
assumed to occur with the same probability (0.%)e Tadar antenna illuminates the link
antenna 25 ms during each revolution.

When the radar spurious signal (at le#) is in the TDRRS frequency channel
(TDRRS signal leveE,), its impact is depending on the ratioEyfandE,. If the E; andE;
ratio is smaller than 3 dB the radar pulse willtd®s all bits that coincide with the radar
pulse. Depending on the polarity of the radar digha destroyed bits in the two-level bit
stream become either ones or zeros. Because taepal$e is much longer than one single
bit, one radar pulse is capable of destroying 34-28 long bits. When the bit flow is
statistically 50 % of time ones and 50 % of timeozethe demolition only applies to half of
the bits (17 bits, but not consecutive bits). Adiog to the radaPRF the next interfering
pulse follows in 1 ms.

Between two pulses the TDRRS receiver has 1 ms timrecover from the outage
caused by destroyed bits. Depending on the TDRRS eorrection capability it either is
disturbed or not disturbed by the destroyed bitsaddition the error correction capability
affects whether the TDRRS receiver is capable afvering within the 1 ms until next pulse
arrives. After receiving 25 interfering pulses akés 8.975 seconds before the next pulse
burst arrives. The TDRRS also has this time to vecolf the system goes into non-
availability state it can not recover from it besaluit receives every nine seconds (time of
one antenna revolution in this example) a new fatence pulse burst. The requirement for
availability state is 10 consecutive seconds naitaiaing severely errored seconds (as
explained in Section 5.4.7).

If the synchronization is maintained during integfece time, the BER in this example
is 1.25-10°, meaning that no SES occurs but worsened minwtesrolf synchronization is
lost the situation is different (in SDH systems #itiation may be different). However,
every ninth second will be an errored second.

When the radar spurious pulse power le®) (s more than 3 dB below the signal
level ;) the interference becomes insignificant. The TDRR&irns, if possible, to
availability state and begins normal operatiorfyify recovered = severely errorsgconds
occur less than every 10 seconds).

The radar pulse length can under certain circurns&be 40 us or longer. If the radar
PRF stays at 1000 Hz the 40 us radar pulse can deBtEoyd0-34) = 680 TDRRS bits. If
there is an outage and the recovery time is lotig@n 1 ms much more error correction
capability is required. The improvement of the ercorrection capability at the TDRRS
adds the amount of bits used for correction butdhiolhe amount of bits used for
communication at a constant level (payload symhbht# stays at the same level). The radio
transmission frame must allow this which leadsrtongrease of the total bit rate.

When the radar antenna rotation speed increasesaii@unt of radar pulses
illuminating the TDRRS antenna decrease but thevey time between revolutions gets
shorter and vice versa. The example radar canewbihting or in operation (for example in
electrical scanning), scan in many different wayshat the interfering signal does not reach
the TDRRS antenna at regular intervals. The radar aso vary its pulse length, pulse
repetition rate, polarization and output power.sTtauses the possibility for the interference
effect to change. If the radar is positioned néar fgossibly interfered TDRRS or its pulse
power is being very high (max. 10 GW) even the raalaennas side lobes can cause
interferences. It is thus possible that the TDRRScdbed in the situations above has no
time at all to recover. If the condition is as désed before even farther located digital radio
systems in the same frequency band are in dangéeiofy interfered. If possible, such
conditions should be avoided.

124



6.3 Interference caused by radar signals in the TDRS investigated in the
frequency domain

The possibly harmful interference to a TDRRS (fearaple radar signal) is easily seen in
the frequency domain when examining the link angentudget in Figure 53. When the
interference power level (including noise) growsnir-104 dBm to-97 dBm the disturbing
signal level is the same as the radio link inpus@@ower level. After this when the signal
to disturbance ratio continues to decrease belovdB44PSK) the possible interference
degradation of the TDRRS begins. During fading linnét can vary within 34 dB.

Example 8 A radar signal, with the parameters from Examfleequipped with a
magnetron without filters (weather radar wiNilir = 5.625 GHz) may cause spurious signals
in TRRS frequency band 3.600...4.200 GHz, see Eidgur The part of radar spectrum
spreading onto the TDRRS channel has a noisedlifgact. When increasing, it decreases
the flat fade margin value thus decreasing theasignnoise and interference ra@i(N+1)
as in Figure 53.

6.4 Interference measurement and interpretation ofhe results

The following example shows by means of measurenmeptactice how the interpretation
of measuring results can be completely faulty € theasurement bandwidth is not chosen
adequately. The presented measurement is froml intedierence case between a radar and
a TDRRS radio link.

Example 9 The TDRRS spectrum when interfered by a radaradigs measured with
an SA (Figure 63) and also theoretically analyzethis example.

Peak power of the radar = 5 BB
‘API Il Pt (TDRRS) = 0 dB

45 dB

Spectrum of the TDRRS

Noise level

42.5 MHz

Figure 63. The radar interference spectrum on tbthe frequency spectrum of a TDRRS as
seen on the SA display.

SA settings: BpmeasiS 300 kHz,

The interfered TDRRS signal:
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_ R
7 o, (M) ©18)

where: - Bit rateRg is 155 Mbit/s
- Modulation is 64 QAM, that gives the number akbih a symboNs = 6 and
- Symbol rate Rs.

Numerical calculation for Example 8:
155 | Mbit/
R, = % = 25.8 [ MBd (6.1b)

The FM compressed transmission of a radar (Equdtibn

- —20 dB bandwidth of the spectrBpys = 5.5 MHz
- pulse lengthr = 40 ps.

The frequency shift during the pulse duration [1]:

B, ~ Dooue (6.2a)

Numerical calculation for Example 9:

5.5 MH
B, :¥:2.7[ MHZ] (6.2b)
The bandwidttBt is [1] (Equation 4.4):
05
B, = [Ej (6.32)
T
Numerical calculation for Example 9:
2.7[MHZ] )
Be=| ————| =0.26 MH7 (6.3b)
40[ps]

The maximum level of the TDRRS spectrum in FiguBei$ set to be the reference
level Prer. As shown in the figure the radar signal pedkSH are 5 dB above the reference
level.

The nearest available measurement bandwidth ofishd SA iBmeas= 0.3 MHz. A
laboratory test was made to determine the relatipnsetween the measurement bandwidth
and average and peak power levels was made withsdbeé SA (HP8564E). A 150 Mbit/s
64QAM-signal was generated with an R&S signal gateer(R&S SMJ 100A Vector Signal
Generator) on 4.2 GHz. The modulating signal waseudo-random bit stream (PBRS23)
and the pulse spectrum shape was root raised cesihehe roll-off parameterr = 0.25.
Following observations were made:
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1) on measurement bandwidths less than 0.3 MHz thie p@aer level in SA max-hold
mode has an almost ideal linear dependence of ts@sumement bandwidth. For
larger bandwidths the power increase is slightbg fhan linear.

2) on the measurement bandwidth 0.3 MHz the measuesedhuld level is 9 dB below
the average power level of the 64QAM-signal andiB7elow the peak power level
of that signal. The latter value is based on thealigenerator display information.

The theoretical total average power level of ttleadink transmission is:

=)

lin,ref = Pref + 10D09(Bi} ; when %eas < R (648.)

meas

where: - the reference level and the differencethéoreference level are shown in
Figure 63 and
- adding of the logarithmic term gives the totahkb@ower level corresponding
to the measurement bandwidth.

Numerical calculation for Example 9:

Rover | dBR, [=0[ dB ref]+10[|og{25 8j[dB] 19.8 dB, | (6.4b)

The observed peak power level is thus 2.3 dB lower.

Radar transmission peak power level:

P

radar,ref

=P

ref

B
+AP+20Dog( ref J (6.5a)

meas

where: - reference levelPs and difference to reference levAP are shown in
Figure 63 and
- adding of the logarithmic term gives the totalvygo level corresponding to
the measurement bandwidth.

Numerical calculation for Example 9:

0.26\r 3
Prader et [0B] = O dBP,, ]+ 5 dE + 2mlo{ﬁj[ di}= 3.7 dB, | (6.5b)

6.4.1 Interpretation of measured results

The measured peak power level difference of the RBRsignal and the radar spurious
signal isPjinref —Pragdarret. According to Example 9 with the numerical valueserted the
power level difference is 17 dB.s (Equation 6.4b) — 3.76 dBP.s (Equation 6.5b) =
13.2 dB.

The result according to the spectrum in Figure B8ws the radar spurious signal
level to be 5 dB higher than the signal level o¢ fhDRRS. However, according to the
calculations above, the radar spurious signal lev&éb.5 dB lower than the TDRRS signal.
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The difference is completely depending on the settmeasurement bandwidth. Depending
on the demanded peak signal to noise ratio the TBRiher goes into error state or not. In
this example theC/N ratio required for 64QAM is according to Table29 dB (with a bit
error rate of 10°). This corresponds to a peak signal to noise 28iaB + 8 dB = 37 dB.
With the values in this example the TDRRS operatighprobably be harmfully interfered
by the radar spurious signals. This is valid faoerd seconds, the generation of severely
errored seconds depends on the TDRRS recovery time.

6.4.2 Theoretical method for estimation of protetdistance between a radar and a
TDRRS

The following example shows how the radar minimuistathce is determined for a radio
link in different TDRRSs interfered by a radar wglven parameters when using free space
attenuation and ITU diffraction and Siwiak’s sca@iéenuation models.

Example 10 The minimum distance of a radar to a TDRRS recéienot causing
harmful interference is estimated with the follogiparameters of the interfering radar and
TDRRS:

- let the link span and the radar be in same doect

- radarNF is 5.625 GHz,

- equivalent radiated radar peak power level isgtdBm,

- Xis the required power level difference betw&srandNF,
- TDRRSfyg is 4200 MHz and

- modulation method is 4PSK or 64QAM, bit rate 3bitVk.

4PSK:

When the required signal level at the receiver inmder standard propagation conditions of
the TDRRS fyr is 4.200 GHz) ix = -49 dBm, the flat fade margin being = 34 dB and
the C/(N+I) = /-ratio requirement being 14 dB (as shown in Figi#¢ the spurious signal
may not exceed

P

SF,max: Prx_ M _/_ _7 . (663.)

The term 7 comes from the fact that a spuriousasigith a level 6 dB less than the
noise level will increase the total disturbance diyout 1 dB. It is assumed that this
interference level would not cause significanréase of SES- and ES-values. If the actual
spurious level is

Pse =P = X (6.6b)
the maximurmNF level at the TDRRS input of

P, P+ X. (6.6¢)

Fmax~ ' SF,max

If the radarSFlevel just fulfills the requirement to be —100 dBhis results in a
maximumSHFlevel at the input of the TDRRS receiver of —4 dBhhe attenuation due to
the distance between the radar and the TDRRS mxcand the direction dependent gain of
radio link antenna must together attenuate therradése peak power aiiF to below
PnEmax= —4 dBm at the TDRRS input.
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In Figure 64 the basic data for determination & thinimum distancel of a radar
from a TDRRS receiver is shown.

Pradgar= 7128 [dBm] G=36[dBi] L[dB] G = 36 [dBi]
- Distance (d) Radar main lobdg.
I L R R L T S M fl—y ....... 97
P,,,= +28 [dBm] —" Bin,in= -49 dBm/17MHz
pur. TDRRS main lobe PN: -98 dBmM/17MHz
3dB M =34 dB 3dB
TDRRS/A TDRRS/B
Radar TX | ——m% | RX TX | «——» | RX
fue= 5,625 GHz  f-= 4,2 GHz fye = 4,2 GHz
fse= 4,2 GHz 4PSK/64QAM 4PSK/64QAM

Figure 64. Block diagram and power budget paranetfra TDRRS interfered by a radar
located within the TDRRS receiver antenna main.lobe

With help of the radar / link budget the requiredpgagation los& is determined. The
radar spurious signal at the TDRRS input shouldexaeed-4 dBm. With values in Figure
64 -4 dBm is achieved when a balance equation is edfil

I:)N,Iin,max = PSF ma><+ X= I:?aclar_ L+ C-:\in ant Adup (678-)
where: -Pn iinmaxiS the maximunNF power level at the link receiver input,

- Psk.maxiS the maximun8&F power level at the link receiver input,

- Xis the difference betwed¥F andSF signal level

- Pradar is the maximum radiatedF power at radar antenna,

- L is the loss depending on the chosen situatiomguisee space attenuation
when the radar propagation path is within linesight or using ITU-R
P.530- 12 diffraction loss model in the non-linesaght case or Siwiak’s
scatter loss model [48],

- Giin,ant IS the radio link antenna gain at link stationiicludes feed line loss),

- Aqup is the duplexer attenuation at the receiver side,

- the radar is within the main lobe of the TDRR&uBenna.

Solving forL gives:
L = IDradar - PSF,max - X + Glin,ant - Ajup (67b)

Numerical calculation for Example 10 when 4PSKsdsdi
The maximum spurious level is obtained with Eq. 6.6

Pse.max= —49-34-14 -7 =-104 [dBm] (6.7¢)

When the radar maximum spurious level fulfills tAgJ requirementX = 100 dB the
minimum required path loss is:
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L =12§ dBnj-(- 103 dBrf- 100 dB- 36 dB [3 4B 165} (6.7d)

640AM:

It is assumed that the received power level isstae as in 4PSKP(, i, = —49 dBm). The
receiver noise figure is also assumed to be theesdime bit rate is also unchanged which
means that the signal bandwidth and thus the n@ewer level is reduced by
10'|09Nbit,64QAl\/Nbit,4PSK) = 10-Iog(6/2) =4.77 dB. Then

PN,64QAM = PN,4PSK_ 10['09( N bit,64QAl\/ N bit,4PS)< (683)
This implies a change in the flat fade margin:

Mgsgam = Finin = Pusagam = L aqia (6.8b)
The maximum spurious level is obtained with Eq. 6.6

Pr ma=—49-24.8- 29- 7~ 1098 dBh (6.8c)

F,max "~

When the radar maximum spurious level fulfills tAgJ requirementX = 100 dB the
minimum required path loss is with:

L=12§ dBn]-(-109.§ dBf- 1do dB $6 4B [3 §iB 17p.8]¢  (6.8d)
The L-values are composed of three terms:
propag.att= constants influenceof freq. ughce of distanc (6.9)

Literature provides many propagation models forcalating (or estimating) propagation
loss. Some of the most typical models are listefbmwvs:

- free space attenuation model, used when no dbstare present in the signal path (line
of sight free),

- ITU diffraction attenuation model ITU-R P.530-]46], beyond horizon propagation
model,

- ITU beyond the horizon attenuation model ITU-R3246-2 [47], (by extrapolation this
model is valid up to 5...6 GHz) and

- the Siwiak [48] empiric tropo scatter attenuatimandel (also curves), beyond horizon
propagation model.

The free space attenuatidnsf model is given by
L, =32.45+ 20lod f )+ 20logd) (6.10a)
where: - the constant 32.45 dB is used with frequem [MHZz] and distance in [km],
- f is the frequency in MHz and

- dis the distance in km.

This gives the minimum distance between the raddrtiae TDRRS receiver:
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q :lOO.OS(LfS—SZAS—ZOIog(f)) (6.10b)

Calculation example with numerical values from ExserlO:

4PSK: d =100 016> 3245 200 420h _ 999 gy (6.10c)
640AM: d =1(P o108 3245 20dg 42— 1969 gk (6.10d)

The distances calculated here are only valid if IRRRRS and radar antenna radio
waves are refracted along the Earth’s surface hecktare no obstacles in the propagation
path. In this situation thk-value of the atmosphere increases towards infifite k-value
might even turn negative. This would mean thatphmpagating radio signal would curve
towards earth surface and may reflect from theasetf This makes it possible for the signal
to travel long distances by hopping along the sefevhile attenuating almost as in free
space propagation.

The obtained values are purely theoretical distararel they do not correspond to
normal operating ranges. However, long connectistadces may occur at some small time
percentage (for example 0.1 % of time) when suefgction causes infinite or negative k-
values to occur. During normal propagation condgi@ radar signal propagates with far
higher attenuation if traveling beyond the horizthan in free space. Under typical
conditions in Finland with practical antenna hesggittturns out that a radar station may be
located a few ten kilometers beyond the radio loorizThis is due to the effect of the
diffraction and tropospheric scattering attenuabeginning to increase rapidly beyond line
of sight. The free space attenuation distance sliep@€0 dB / decade. According to
Siwiak [48] at 5.0 GHz measurements show that thtenaation distance slope is
70...80 dB / decade (10 dB) for scattering beythedradio horizon.

It is more realistic to calculate the radar minimuiistance due to spurious
interference with the free space model up to tlkoraorizon and beyond the radio horizon
with for example the ITU P.617-1 [49] diffractionoahel.

The total path loss on a beyond the horizon pathguthe excess diffraction loss
according to [46] can be estimated from the equnatio

L=L,+Lg, = 32.45+ 2@lod f )+ 2Wlogd)+ 16 Z{F{—[ d (6.11a)
1

where: - f is the TDRRS carrier frequency in MHz,
- d is the distance between the radar transmitter aeddisturbed TDRRS
receiver in km,
- cis the height of the leading obstacle above theaidine-of-sight in m and
- Re1 is the radius of the first Fresnel-zone at theilggdbstacle in m.

The c-parameter is obtained by trigonometric analysi@implified path geometry shown
in Figure 65, where it is assumed that the obstactn the heighh and the antennas on
heightsh; andh, above the reference earth with the equivalenussl, The expression for
cis
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Fig. 65. Radio link geometry for the estimatiorertess diffraction loss according to ITU-R
Rec. P530.

c=2(R,+ h)sin’ (0.80)-h+h (6.11b)

h-h+2(R,+ n)sinz[z‘éj

(oo |

q

& =arcta (6.11c)

and the expression for the radius of the first Re€gone is

/ Ad.d,
Res d, +d, ( )

where: -/ is the wavelength of the carrier wave and
dl:\/(h—h)2+2( R,* h)( R+ })sinz(%j (6.11e)
2 . d @
dzz\/(h -h)’+2(R,+ h)( R+ r)smz(r&q—ﬂ (6.11f)
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Under the same assumption as above of having the seceived power level and bit
rate in all modulation methods and the same naiged and applying the same calculation
methods for achieving the required radar signah paés and minimum distance as before
(Equations 6.11a...6.11f) the minimum distances uricesx space propagation conditions
and in diffraction conditions according to [46]Table 7 are obtained.

Table 7. Minimum distance between interfering reaiadt TDRRS receiver

Modulation Free-space ITU-R P.530-10
system /1dB | M/dB L/dB Distancg / km Distance / km
4PSK 14 35 165 1010 68.8
16QAM 23 29 169 1601 72.4
32QAM 25 28 170 1797 73.3
64QAM 29 24.8 170.8 1970 74.0

128QAM 32 22.4 171.4 2111 74.7

Location of radar

Width of lobe
—

Radar

10000 km ?

128QAM, 2111 gm
4PSK, 1010 km

ta

S

Radio horizon

128QAM —¢
64QAM CO ’f AERER NI
320AM 8 <
16QAM =

4PS

Free-space

Logarithmic Distance of TDRRS receiver from Radar

Modulation system and minimum di

ITU-RP. 530-10

Receiver of TDRRS

Figure 66. Minimum interference distances for frepace loss and for diffraction
attenuation from radar to link when link modulatisdPSK...128QAM
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The minimum distances between an interfering rad#n in the TDRRS receiver
antenna main lobe are graphically shown in Fig@eThe figure shows clearly, how huge
the difference is between free space loss and iffiaation attenuation model. In the
diffraction model the attenuation increases vesy Eeyond the horizon.

Outside the TDRRS receiver antenna main lobe dime¢he minimum radar distance
will depend on the antenna radiation pattern. ¢fiven by the expression

L=P

radar PSF,max - X +Glin,ant (0) - Ahup (612&)

where: @ is the direction of the radar with respect of thBRRS receiver l.o.s.
direction. The minimum distance of the radar a<fiom of 8is determined as
before.

The following example shows how the interfering aesd minimum protect distance is
defined when an ITU reference link antenna is ugdek minimum distance towards the
TDRRS is presented both graphically and in tabtenfo

Example 11 It is assumed, that the TDRRS (modulation metho@AM) is located
in Helsinki (A station) and its antenna is directesvard north (B station). The distance
between stations A and B is 50 km. At both endheflink span the antenna height is 100 m
and the radar antenna height is 10 m. Furthes,assumed that the TDRRS receiver antenna
radiation diagram is that given in ITU-R RecommeiataF.699 [45]. WhemD/A < 100 the
antenna radiation pattern is then:

2
Gmax—o.ooze{%ej : 610[ 06m)

Gy, |H|D{€m,100%j
G(6)= (6.12b)
52-10000d 2 |- 257l0d6) |, 60| 1008 48

D 4) D

10- 1ouo{%j : 80] 48,18p

Gy = 2013%4 [Grnax—G1 (6.12c)

G = 7.7+ 2uj|og(%j (6.12d)
D
G =2+ 15Dog(7) (6.12¢)
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where: -@is the horizontal angle compared to pattern in elegr
- D is the parabolic antenna reflector diameter in m
- Ais carrier wavelength in m
- Gmaxis the antenna pattern gain in dBi
- G; corresponds to the maximum gain of the first $odhe.

In the example it is assumed that the bore-sigimt glethe TDRRS antenna is 40 dBi and the
radar EIRP is 128 dBm. TH& A-ratio can be determined from Equation 6.13a:

Gmax =7.7+ ZODIog(%j - %z 1804Cmax=7-9 = 180504077 = 41 (6.13a)

From this follows that

Gl:2+15Dog{%j: 2+ 15]lod 41.p= 26.2 df (6.13b)
and
oo _ 20
6m = 2065 [/Gmax—G _ma/4o— 26.2= 1.80 (6.13c)
100 =190 = 5 43 (6.13d)
D 412
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The radiation pattern is shown in Fig. 67.

190 180 170

Fig. 67 Radiation diagram of the ITU reference ama.

In this example the rad&iF is assumed:
i) to be inside the TDRRS signal bandwidth, (Thisiation may occur if the radar is
located in another country)

i) to be offset so that the TDRRS receiver filtenuates the radar signal by 25 dB,
iii) to be offset so that the TDRRS receiver filgtenuates the radar signal by 40 dB.

In this case the maximum level of the radar sigméhe TDRRS receiver input may be

R = Padar - Lpath+ Glin,ant_ Ahup (614&)

NF lin,max — 'r

From the above expression the required minimum josthof the radar signals:
I-path = Pradar - IDNF, linmax + G'Iin,ant_ Aﬁup (614b)

The maximum radar peak power level in the TDRR&ikex input is now given by
the expression

PnE.linmax= Prx +Lxfiter —M = /=7 (6.15a)
This gives finally the required minimum path logste radar signal:

Lpath = Pradar_ Prx_ er»filter + Glin,ant(g) - Ahup-l- M + F + 7 (615b)
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Assuming a worst case with free space propagaggardless of the distance the
minimum distance of the radar from the disturbed RR3 receiver is given by
Equation 6.16a

0.08{lL gt 32.45 20log( )

d=10 (6.16a)

With the above and earlier defined system paramefer 4PSK the following
numerical values are obtained in the TDRRS boriet slgection:

Lo = 128-(-49- O+ 40- 3 33 14 %z 270dk (6.16b)

path —

g = 100050270 32.45 20109(420P)_ 179500 kn (6.160)

The result shows that under super-refractive prafiag conditions there is no
possibility for co-existence of radar and co-chamadio communication systems. This is
also true for other direction than bore sight & thdio link receiver antenna.

Next the minimum protection distances are invegtidavhen tropospheric scattering
is the main propagation mechanism. The EIRP poeeellof the radaNF signal at the
TDRRS antenna output is assumed to be 59 dBm. &tielpss is estimated using Siwiak’s
tropo-scatter loss model [48]. The path loss e)xgoess

7
d J
dhor

( d j
dhor (6.176\)
100 d

f j dh
13+ 77 —9r
571 %
where -dhor is the sum of the distances to the radio horidzdmth antennas,

dnor =3.571/K {{/ly +/Thn ) (6.17b)

In Equations 6.17a and 6.17b the variables aréott@ving:

L = 200og _Pefin 5 |+ 10000
(1000d)

+22+—— f Oog
2000

- hy is the radar antenna height above a referencéifevs

- hyin is the TDRRS receiver antenna height above the safarence level in m,

- dis the distance between the radar antenna andORE&RS receiver antenna in km
- f is theNF of the TDRRS in MHz and

- k'is the tropospheric refraction fact&r+ 1.6 in this example.

Additionally it is expected that other TDRRSs must be taken into account.
When the path loss is known, the minimum radargmtidn distance can be solved
numerically from Equation 6.16. The path loss isveh for a few frequencies in Figure 68.
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Figure 68. Troposcatter path loss with Siwiak’s pagation model.

Calculation of minimum co-channeddar protection distance has been performed for
different TDRRS modulation methods assuming a @oridtit rate and for three radar NF-
values giving 0 dB, 25 dB and 40 dB attenuationthia radio link receiver filter. The
minimum protection distances for 64QAM are givenTiable 8 and graphically shown in
Figure 69, where they are overlaid on a map ofdfidl Corresponding results for 4PSK,
16QAM, 32QAM, and 128QAM are given in Appendix 6.

The red curve Figure 69 shows that if a 64QAM reeeis located in Helsinki with
the bore-sight direction to the north, the use haf €xample co-channel radar should be
prohibited in a large part of Finland. A frequenaf§-set giving 25 dB filter attenuation
would improve the situation, but still a minimundea protection distance of 550 km in the
bore-sight direction and 150 km in the west and dasctions (blue curve). A frequency
off-set giving 40 dB filter will give minimum radagorotection distance of 350 km in the bore
sight direction and 100 km in the west and eastctions (black curves). However, the ITU
antenna radiation pattern is rather pessimistic Bn practice the minimum protection
distances are somewhat smaller. In super-refragiepagation situations the interference
situation is much worse.
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Fig. 69. Radar protection zones with 64QAM.

Table 8. Protection zone radii for 64QAM

S
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6 G@)dBi LidB  dkm  LUdB  dkm  L/dB  d/km
(Lix=0)  (Le=0) (Lxi=25) (Lixi=25) (L=40) (Lr=40)
0° 40.0 2748 911  249.8 553 2348 348
+1° 358 2706 852 2456 491  230.6 307
+1.5° 305 2652 777 2402 415 2252 266
+(1.8..2.4%) 262 2610 717 2360 362  221.0 239
+5° 184 2532 603 2282 288 2132 196
+10° 10.9 2457 492 2207 237 2057 16(
+20° 3.3 2381 387 2131 195  198.1 129
+(48°...180°) -6.1 2287 291 2037 152 1887 97
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6.5 Checking the minimum radar distance by measureants

As the local radio wave propagation charactesst{e.g. terrain profile, climate type etc.)
may differ from those where the scattering loss diffdaction loss models are derived, it is
essential to check by measurement the radar inéexe level of a radar located according to
the protection distance estimate.

This measurement can be done with the measurerysteins described in Chapter 5
(Step 3). This system is modified from the neweystiescribed in Chapter 4 where the BS-
filter and LNA are replaced by the interfered TDRRSeiver antenna system and receiver
RF and IF parts. Then the propagation path of &daar interference remains unchanged in
the check measurement and the dynamic range oh¢asurement system is sufficient.

Although a checking measurement is highly desirableas still not been possible to
perform such a measurement. This would require e@tipn between the measuring party
and the TDRRS operator.

6.6 Summary of Chapter 6

The chapter starts with a description of the imgdetn interfering radar on the bit error rate
performance of a TDRRS radio link. An example dest@tes how a plateau is created in
the BER vs. received TDRRS level behavior when ititerference level exceeds the
TDRRS noise level. For proper transmission qualityigher receive level corresponding to
the width of this plateau is necessary.

The error generation by strong radar interferescstudied on bit level in a simple
time domain analysis. Assuming immediate perforrearecovery after each radar pulse a
BER estimate is easy to obtain, if the recovenetimlarger the BER estimation is difficult.
With recovery times causing severely errored sesdhd TDRRS will go in unavailability
state due to too strong radar interference. Thestiyation of radar interference in the
frequency domain is studied with a measured intedfd@ DRRS signal spectrum.

A theoretical approach to the determination of tiaimum distance of a radar to a
TDRRS receiver is based on the assumption thaitripact of the interference is negligible
if its level is at least 6 dB lower than the TDRR&eiver noise power level. From this a
minimum loss of the radar signal is derived forlreagpe of TDRRS modulation. The
minimum distance is obtained via the radar link powudget assuming free space and
diffraction or scatter loss propagation models. Mrigal results are given and presented in
graphical form for four linear modulation methodsng a TDRRS reference antenna pattern
defined by ITU and assuming co-channel radar ojmerat

The radar measurement described in Chapter 4 andifietb as described in
Chapter 5 can be used to check the sufficiencyhefrhinimum distance obtained by the
theoretical method described in this chapter. Haxeit has not been possible to perform
such tests. This checking is in practice importartt should be a topic for further research.

The procedure of estimating and checking the ptioteclistance between a radar and
a TDRRS radio link can be summarized as follows:

« Definition of DRRS characteristics

- carrier frequency
- modulation method
- Dbit rate
- radio link budget
 Determination for maximum allowed radar interferemevel
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- it is assumed that a level that is 6 dB below thisenlevel in the reference
point would not increase significantly the amouftSES or ED in the
TDRRS
- Estimation of the protection distance
- measuring the highest interference level of thearad the actual TDRRS
channel using e.g. the new measurement systemilolesen Chapter 4.
- calculated with the radar link budget using freacgppropagation loss in a
free space propagation situation
- calculated with the radar link budget using the {RURecommendation
P530 diffraction loss model or Siwiak’s troposcatteodel and using the
model that gives the larger protection distance.
« Checking the sufficiency of the implemented protctdistance
- Measuring the radar interference level within thi#RRS channel using the
modified version of the new measurement systemribestin Chapter 5.
- If necessary, the protection distance may be clthnge
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7. SUMMARY

7.1 Research items

In this work a new measurement system for measuedgr spectrum has been developed.
The measurement procedure consists of two stadgeéinte domain parameter study and the
spectrum measurement. In the first stage the ditijyaof radar pulses and their properties
are analyzed in the time domain. This also crea¢esled parameters for the second stage of
the measurement. In that stage the frequency speagenerated by real radar pulses is
measured resulting in the power level of SF-comptneelative to the NF component
power level.

The measurement system presented in this workitesadel for checking the predicted
area of interference of the radar to TDRRSs. Tleeliption is based on both calculating and
measuring of absolute and relative power levelss i&hdone for both the interfering and the
interfered transmission at the same measurement. poi

7.2 Application of the new measurement system

The measurement system created by the author isdbas frequency sweeping and
complies with ITU recommendations concerning meas@nt of radar spurious emission.
The dynamic range of this system meets and excEddsrecommendations. The ITU
requirement for spurious transmissions of weathéar, operating in the C-band, is at its
tightest (=100 dBc) when th8F is at least 320 MHz lower or higher than tRE. This
measurement system has been applied successfullyméasuring weather rada&®F
spectrum. The maximum peak pulse power level oftlnearadar can be up to 10 GW.
When used without output filters, this radar camoading to measurements produce a
relative power level of (—-60 dBc) at a frequencyidéng 1 GHz from the radadF.

In this work this new measurement system has bsed 10 measure weather ra@&r
spectrum. The weather radar interference area bBas betermined assuming a TDRRS
using a set of QAM-modulation methods. As propaathodels the free space propagation
model has been chosen up to the point of radiborand the ITU-R P.530-12 diffraction
model and Siwiak’s tropo-scatter model for beyoondon propagation. These propagation
models have been used in frequency planning byFiheish Communications Regulatory
Authority (Equation 6.11). Also propagation patlsdacurves for tropospheric scattering by
Siwiak [48] have been used in radar frequency pfann

7.3 Comparison of the new measurement method withr@vious measurement
methods

The new measurement system has been implementedity simpler measuring devices
than is usually done for this kind of measurem@&he system has proven capable for field
operation and gives satisfactory accuracy whichesdkis new system very useful for radar
inspection measurements carried out by the frequeagulator. Because of its field

capability and simplicity of measurement equipmém measurement system has also
proven to fulfill the measurement requirements aflevfrequency range interference
measurements. These requirements are often setelbgumement locations (towers etc.).
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This measurement system makes it possible to estianad optimize the time needed for
measurement.

This measurement system has also been used inamvabnments where electric
mains are not available. Due to the field capabilf the measurement equipment
transportation has been no problem. The measuresystg#gm can be powered with help of a
movable generator.

The new method presented here and other existirgsimement methods are all
based on the same principle that is outlined inlThé Recommendation [1]. The high-level
NF component is attenuated and tBE components are amplified so that they reach the
same level at the SA input (the total maximum inlewel of the SA). Thereby the power
level of eachSF component relative to the pellE level is easily readable (the sum equals
the sum ofNF attenuation and LNA gain). Correspondingly the sueament dynamics is
the readable as the difference betweenNkepower level and the noise power level of the
measurement system.

The time domain parameter analysis in the new noethaa new feature. The new
method also outlines how unknown radar emissiorns @@apped. Neither the ITU
recommendation nor the other methods treat themrts

In many previously measurement systems a YIG-fiseused to attenuate thidF-
component. As YIG-filters have poor field capalilthe new method uses only tunable
band-stop filter to suppred-.

ITU uses in its method two different antenna sohsi either measuring without or
with the radar antenna. ITU Recommendation SM-32%tesents a measurement system
block diagram where the radar signal is taken ftbenradar antenna feeder line [5]. In the
new method the radar antenna is always includeld thi#¢ measuring site in the antenna far
field, thus taking into account the antenna charastics in the measurement result.

In the ITU method the measurement is made on desérequencies in the SA 0-span
mode. In the new method a swept measurement is mate SA max-hold mode. With
synchronized sweep the entire frequency range eandasured with a single mid-frequency
setting (depends on the SA limitations).

User experience of the new method shows sufficiégil capability and the
measurement system enables radar equipment inepeetnd disturbance investigations that
the regulatory authority performs. The implemendgstem is dimensioned to allow the use
of simple, cheap and field capable equipment. Teasarement accuracy is estimated to be
+3 dB. For the ITU measurement systeme2adB accuracy is promised. DTIC states an
accuracy oft1l dB [9] for their system when every frequency point measerd lasts for 5
minutes. Field capability information of other ®m®s is not given.

The shortest possible measurement time is achievhdn the SA sweep is
synchronized to the radar antenna rotatibm this case the sweep starts during a new
illumination from the frequency where is stoppedhet end of the previous illumination. In
the NTIA report 94-313 [4] the same measuremerng israchieved with a single sweep over
the full frequency range using SA max-hold modeth\d 2 MHzFW and a 444 MHz
frequency range the measurement lasts 2000 s. WatDTIC measurement method [9] the
same frequency range is measured in 18.5 hours.

The dynamic range of the ITU and NTIA measurememthods estimated to
120...130 dB. The calculated dynamic range of #@ method is 140 dB. However, due to
signal leakage in the measuring equipment the aahle dynamic range is in order of
120 dB.

It is shown in detail in this work how the inteiifey of a TDRRS by a radar signal
progresses when the new measurement method isedppliorresponding applicable
methods have been proposed by NTIA [7], CCIR [HHd Telecom Denmark [12]. The
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presentation of new method in this work gives almuonore detailed application description
including calculations and as an application thec&ng of the theoretically calculated
protection distance to a radar station. The undmmdilly highest dynamic range of the
interference measurement is obtained by using DIRRS receiver antenna and RF stage as
LNA otherwise using the equipment in the new measient system.

The new measurement system can be easily modifiedther tasks. In this work it
has been adapted for measurement of radar inteceiato TDRRS receivers.

7.4 Accuracy and limitations

The accuracy of the measurement is estimated byn#esurement error. This is influenced
by errors caused by the system equipment and tiseme performing the measurement. The
accuracy of the measurement system presentedsiwtirk can be evaluated separately for
time domain parameter measurements and spectrursune@aents. First one can estimate
the errors caused in the time domain parameter uneagnt. These can be either true or
false'. For example lack of a pulse would be alfateor when the correct result would
require this pulse. Second, in unsynchronized spectneasurements errors may occur if
the measurement time used is too short (the measmteresult has no time to settle). An
unnecessary long measurement time may collecewagl spectrum components on the SA
display, when using the MAX-HOLD mode (sparks etEryors in the frequency domain are
caused by inaccuracy of the measurement equiprBéntverload may cause errors in the
relative measurement results. Also the out of Isiedpness of the filter can cause errors due
to its abnormal behavior.

When estimating the relative measurement resuibrerare caused for example in
reading measurement values. Additionally, most mmessent system errors become
insignificant, when seen relative to each otheift(df equipment).

An absolute error, that in reality is not knownaetty, can be estimated from the
square root of the sum of the single squared inudgr® errors. Single errors in this
measurement system under these circumstances cauded by several reasons:

- Do the time domain parameters correspond to thasmrement system settings in the
frequency domain

- or can they be adjusted to meet each other,

- accuracy of the measurement equipment (SA) anawh noise figure,

- overload of the measurement equipment (SA),

- accuracy of the attenuator,

- accuracy of the filter and its calibration curve,

- accuracy of the amplification curves of amplifiemd antennas,

- accuracy of loss of cables, connectors and adaptel

- the readout accuracy of measurement equipment vaperating on recommended
power levels.

It is difficult to estimate the accuracy of measuoeat results of the impact of
interference to other radio communication linkscdiese these are not dependent on the
accuracy or reliability of measurement systems.séhere dependent on the technique used
by the interfered radio communication system, @gability to withstand interference and its
capability to recover from interference. In praetibe above impact of interference can be
estimated for example by error rate measurement®atage measurements of the interfered
radio communication system. This can be done, whienknown that the interfering radar
has been in operation and what parameters it hexs Umgng.
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In this work the author has observed that the raddenna pattern is frequency
dependent. This can increase the area of intedereaused by radar and so increase the
calculated impact of interference significantly. o this the accuracy of the whole
measurement can deteriorate from the estimatedt reiguificantly. The determination of
the above radar antenna pattern becomes an impomeasurement item. Also the
dependence of measurement antenna pattern musbhba k

When using the measurement setup presented inthris, the relative power level
accuracies are estimated to be +3 dB under fiehdlitions.

7.5 Conclusions and recommendations

Radar measurements done with the measurement systsmmnted in this work show that
weather radars operating without filters generatermormous amount of spurious frequency
spectrum components (for example in C-band frequérand 5.250...5.850 GHz). This is
because of the fact that cost efficient cross ftgfte components are used. The increasing
amount of radar transmitters causes an increaseinamount of interference. This is
unavoidably leading to an intolerable situation vehether radio communication systems
operating in the same frequency bands as radaringetfered. Usable parts of radio
spectrum, allocated for other than radar use, sorbe unusable due to radio smog. It is also
possible, that the interfering radar itself geterfered by other radar stations or other radio
communication systems operating in the same fregyuband.

The author recommends that the spectrum puritylldiigh power radars should be
checked, especially if these contain cross fieldetycomponents. The importance of
frequency planning increases when one tries téofjether the already existing radar and
radio communication systems and new planned systeos the frequency spectrum.
Recommendations by the author to improve the simaire as follows:

- International and national frequency harmonizaaready in use),

- obeying of the harmonization (seems not to affdlanilitary radar systems),

- coordination of frequencies with neighboring ctigs,

- anticipating frequency planning (taking into agot the above),

- planning and use of interference filters and

- planning of locating of radio communication sysgein the field using knowledge of
the surrounding terrain.

The author also recommends appropriate teachingdair techniques to the operating
personnel in radar stations. Especially trainingusth be done from the point of view of
possible radar interference.

Based on knowledge and measurements the authomneeods that all personnel
using and maintaining a radar system to familiatimenselves with the signals produced by
their radar transmitter. Also familiarizing to otheeighboring radio communication systems
is recommended.

In cases where a radar system produces higheslevelpurious emissions than the
recommended levels these radars must be equippid appropriate filters. Filters are,
however, expensive and their production and irediah at a later time is difficult and will
cause additional costs. The filter itself and itatching also cause attenuation of thE.
This results in a decreasing measurement rangkeofadar. Additionally, the power loss
due to mismatching can be destructive (a 0.1 dghattion of a 1 MW pulse power equals a
power loss of 22.7 kW). Due to mismatching the rizig points voltag&WRmay increase.
This can lead to breakdown in the feed line. Oftempromises must be made. In these
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cases both the spurious signal suppression andabeilities of the filter will suffer. The
higher the radar output power is the more attentmrst be paid to filtering of the radar
output signal (signal purity).

Based on observations made during start-up ingpectand from interviews with
operational staff, it has been noted that the cetepspectrum transmitted by radar is not
well known to the radar operators. Operating sthfiwever, usually has no suitable or
satisfactorily accurate equipment for measuringréftar spectrum. Based on this the author
recommends that radar operating staff should becadd not only in handling of the
returning echo but also in observing of transmitséghals of the radar and its possible
spurious signals with at least one measuremennimged, for example the one presented in
this work.

The author recommends clarification of the mechasithat generate radar spurious
emissions. Valuable updated information could behathd when the generation of
transmission pulses, the significance of pulse shapd stability are studied. The author’s
knowledge about radar pulse generation indicatearlgl a connection between radar pulse
stability and measured spectrum components. Alsoraection between radar pulse peak
power, pulse length andeRF to the generation of spurious emissions has beendf The
higher the radar output power is, the higher is tis& of the generation of spurious
emissions (long radar pulse + higtRF = high risk of interference). By knowing the
generation mechanisms of these phenomena it woallgdssible to limit the amount of
spurious emissions and their power levels.

7.6 Further research

For the future it is desirable to further develbp presented measurement system. One item
of development would be the increasing of the Istrgé measurement bandwidth and
reducing of the shortest sweep time (of the SA)eseEh measures would give better
possibilities to examine the time domain parametéra single radar pulse and to analyze
more accurately the causal connection between palsé spurious emissions. Additionally,
these would allow faster measurement times or awgohgle sweep measurement frequency
range.

It is not very well-known how multipath fading inliae-of-sight radio link and scatter
loss on a beyond the horizon radio link correl&tethis work it has been assumed that the
radar interference level stays constant during ipath fading in the TDRRS. An important
topic for further research would therefore be th&edmination of the statistical distribution
of the radar interference level on different dises and especially its dependence of the
fading of the disturbed radio communication link.

The adoption of this measurement system to invatighe impact of radar
interference to other radio communication systeh@tTDRRSs should give some new
knowledge. A significant role in improvement of theeasurement system is to equip the
system with a computer and tracking generator.,Tiasvever, is not essential because in
this work the measurement system is kept as sirapl@ossible and as field capable as
possible.

More generally, one future research item would te measurement and study of
different antenna patterns and their dependenciregfuency. With a radar antenna it is
mandatory to know its own antennas characterisii¢tee frequencydependency of the
measurement antenna pattern was not examinedsimtirk because it was presumed that
measurement antenna main lobe measurement re@risused. This, however, would be a
key future research item.
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Radar manufacturers should examine the possiiitpdding filters to new radar
transmitters or at least make it possible to ih§itedrs at a later time, if needed. This kind of
filters would be needed in the radar transmittanbh (TX) to attenuate spurious emissions
radiated from the antenna. Also the radar recebranch (RX) might need a filter for
attenuation of signals that are generated fromrot@io communication systems interfering
with the echo pulse reception. The production ok ftunable BS filters needed for the
measurement system should be started again betaseere not commercially available
during the time of measurement for this work (tleeded filter based on specifications given
by the author). Since some radar transmitters dégss of the use of interference filtering
will produce spurious emissions to frequency baadlecated for use of other radio
communication systems, it should be considereddtkrthese frequency bands as unusable
or limit their future use or at least mark themhatite risk of interference due to radar.

According to the latest interference observatidnesinterfering of radar receivers by
WLAN, WIMAX and UWB can become more severe in tleufe. In the newest weather
radar systems the radar measuring capabilities haee improved so, that even the drop
model of a rain front, the size of drops and thegimality (water, snow etc.) can be
determined. Based on this it is reasonable to reghat the possible interference risk from
other radio communication systems to radar fregesnshould be taken into account in
future investigations. If this is not taken intocaant interference situations may occur
where the improvement of radar sensitivity may d. | Additionally, the information of a
radar echo coming from the same direction as theasifrom another radio communication
system or the whole returning echo may be losts Tias been reported for instance in [50].

This work has primarily been focused on interfeezpcoblems between radars and
TDRRSs. An own research topic for the future wobkl the examination of possible
interference to other digital radio communicatioetworks (UWB, WLAN etc.) due to
spurious emissions by radar.
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APPENDIXES
(Appendixes I, Il and Ill by courtesy of the ITU)

Appendix | - ITU measurement recommendation M.1177%

Block diagram for measurement of radiated unwanted emissions
from radars using the automatically controlled direct method

Measurement antenna Radar antenna
(parabolic, with (rotating normally, or
appropriate feed) stationary and aligned
for maximum response
i measurement
equipment)
-

—

~—__ Noise diode calibration
performed at this point

Low-loss RF line

(as shott as possible
between antenna and
measurement system
wnput port)

Measurement system RF front-end

/(

Optional notch,
=] bandpass, or

()

- R
other filter . ‘ > e

Filter (used to —

attenuate radar centre Variable RF Low-noise

frequency for measurements attenuator preamplifier (LNA)

at radar lpnno i variable RF Tracking bandpass

frequencies) (GPIB control filter

from computer) (e.g.. YIG filter)
[
YIG tracking .
= GPIB bus
voltage
GPIB !
R Spectrum bus PC-type
analyser computer

Fixed RF attenuation LNA used to Control of
used to optimize mprove spectrum measurement system
measurement system analyser noise figure and recording of data
gaim/noise figure
trade-off 1177-4
GPIB:  general purpose interface bus
YIG: Virm-1ron-garnet
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Appendix Il - Radio determination pulsed output devce spurious emission
characteristics for systems in the 3 and 5 GHz barsd

TABLE 2
Spurious emission level
Output devickl)
Non-harmonic Harmonic (2), (3)
(dBc) in 1 MHz (dBc)
2nd 3rd 4th
Crossed-field
Crossed-field amplifiers 35 t0 _505) _o5 _30 _45
Magnetrons (unlockedf%) —40 —20 _45

Magnetrons (Iockeo§4) —40 -20 -45

—65 to —8d®)

_ _9g5
Coaxial magnetron@) 75 to —9d®) —40 —20 —45
-60 to —75()

Linear beam (6)

E@‘;g‘gﬁ' cavity TWT ~105to —115 -20 -25 35

Twystron -110to -120 -20 -25 =35

-105to -115 -20 -25 -35

Solid state transistors (Parallel-class C

modules) ~100 to -110 45 -55 65

Si bipolar —100to -110 -35 -45 -55

GaAs FET

1) Alternative output devices may be more applicétesystems operating above
5 GHz. These options include, but are not limitedhelix/ring bar traveling
wave tubes and newer technology magnetrons.

(2) Harmonic spurious emission levels listed are 3. imeminal values. The range
of harmonic spurious emissions is typically dBle nominal values.

3) Harmonic emission levels can be reduced below -@B¥)with a harmonic
(low pass) filter.

(4) Older magnetron output devices can have inhetrentl modes which may be
only 40 dB below the carrier. These modes are nmtegnt and of short
duration occurring during the start-up of oscitbat. New technology
magnetrons are designed to suppress these emissions

) Non-harmonic emissions levels in crossed-field desican be reduced below
—100 dBc with a waveguide band pass filter. Thdsad generally have a few
tenths of a dB in insertion loss.

(6) Linear beam output devices may have non-harmonid@ps emissions close

to the carrier in the order of —80 to -90 dBc defieg on the characteristics of
the overall cavity selectivity.
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Appendix Il - Radar output device characteristicsconsidered in the design of radar systems

Output device Peak output Energy Instantaneous| Pulse-to- | Weight Size Mechanica] Relative | Relative
power efficiency 1dB ulse (kg% ruggednesy life cos
range (%) bandwidth coherency exp?f)tancy
(kV\% (% of carrier

frequency)
Crossed-field”
Crossed-field amplifiers| 60-5 000 40-65 542 Yes 25-65 1.0
Magnetrons (unlocked) | 20-1 000 35-75 @) No 1-25 Small Good 1.0 Low
Magnetrons (locked) 20-1 000 35-75 4 Yes 1-25 1.0
Coaxial magnetrons 10-3 000 35-50 No 2-55 5.4
Linear beam
Coupled cavity travelling 25-200 20-40 10-15 Yes -135 7.4 Hié]h
wave tube 1-12 Yes 25-270 Large Good 13.5 Medium
Klystron 20-10 000 30-50 1-12 Yes 5-65 10.4 High
Twystron 2 000-5 30-40
000
Solid state transistors ©)
(Parallel-class C
gogu'els) 10-90 20-30 10-30 Yes | 0525| sSmall | Excellent 15 High
| bipotar 0.5-5.0 10-25 10-30 per
GaA:s field effect module
transisto

(1) Life expectancy is normalized relative to a 1976sventional magnetron and does not reflect thedoitife expectancy of newer technolc

conventional magnetrons.

(2) Depends on production volume.
(3) Crossedfield output devices will most likely be phased autfuture radar designs; however, their use iseetgd to continue in maritime rau

navigation systems.

(4) Although magnetrons do not have antamsaneous bandwidth capability, tuning frequeranyges up to 10% of the operating frequency ce

achieved.

(5) silicon (Si) bipolar modules are generally uselhwe3.5 GHz and Gallium Arsenide (GaAs) modulethie 5 GHz band.

6) Depends on the numr of modules combined in the output sti
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Appendix IV - Horn Antenna dimensioning and gain ofthe measurement antenna

Horn Antenna AU 15/1,7...18 GHz

aperture (240 x140 mm)

Antenna gain (f)

16
14 P
12
10 -

—

Gain [dB]

o N b~ O @

0 5 10 15 20
Frequency [GHz]
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Appendix Va - Measurement procedure for unknown radr systems - flow chart

Interference

Observations

Need for measurement

Choosing of plan of
measurement

A

Y

Technical available
possibilities

Preparation of measuremen

A

Measuring equipment, cable
antenna, setup,
power supply (generator)

P

Calibration

Calibration generator

v

Unknown target

Location, time, frequency, t,
PRF, polarization, direction,
rotation speed,
shape of spectrum

v

Observation and registration

A

Changing to known target

v

Measurement of known

target

Inspection of radar station [«
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Appendix Vb - Progress of time domain parameter stdy - flow chart

Starting data: Measurement of a
amount of pulses/illum., radar known target
ant. lobe towards meas.ant],
ant. rotation speed 1
v
Produces: Time domain parameter Treatment of radar pulsgs
FW, ST, meas.time, frequengy > study <+
band able to be measu
Measuring metho
Synchronized Unsynchroni
Combinatio
A
Synchronized measurement: Unsynchronized
single sweep, long meas.timg§---------------=T----------ooooo- > measurement:
meas.time determin continuous sweep, short
single measurement tit
v v
Display of continuous spectrum Measurement result: Display of spectrum:
power level, continuous parameters average level iffWw,
displav of spectru spectrum is collected

1 randomly

Measurement of the
frequency spectrum
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Appendix Vc - Frequency spectrum domain study of impact of antenna - flow chart

from time domain parameter me

Frequency spectrum domain
measurement:
Two differently realized meas.systems
dynamics and power lev

Calibration measurement,
actual measurement,
calculated results

\4
Measurement c
antenna
radiation pattern

|

Impact of the anteni
to the total interference

!

Recommendations for
actions to be taken

A4
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Appendix Vla - Radar protection zones with 4PSK

e
10
30> 20
330 30
320 O\ | ~ 40
310 T 50
300/ \ | 60
290 / i \ 70
280 [/ f \ 80
Ny o d |=
270| | | | | i Q 290 d (6)
o
26 100
250 \ 110
240 \ 120
4PSK 230 ~ \ 130
— L,;=0dB 220 — 140
—L,=25dB 210 a 150
— erf =40dB 200 190 180 170 160
Table 9: Protection zone radii for 4PSK
6 G(@)dBi LdB  dkm  L/dB  dkm  L/dB  dkm
(Li=0) (Ly=0) (Lxi=25) (Lxi=25) (Lxi=40) (L=40)
0° 40.0 270.0 844 245.0 483 230.0 307
+1° 35.8 265.8 784 240.8 422 225.8 27(
+1.5° 30.5 260.4 708 235.4 355 220.4 234
+(1.8°...2.43) 26.2 256.2 648 231.2 313 216.2 217
+5° 18.4 248.4 532 223.4 254 208.4 174
+10° 10.9 240.9 423 215.9 210 200.9 14(
+20° 3.3 233.3 333 208.3 172 193.3 112
+(48°...180) -6.1 223.9 257 198.9 132 183.9 83
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Appendix VIb - Radar protection zones with 16QAM

7]
o 10
340> 20
330 30
320 e Z 40
310 g 50
AN
300 s 60
290 0 70
280 > X 80
7;7 . \ /'&ii H
270 | (||| \ % S 290d (6)
. \ iy % o
260 | N 100
25011\ \ — 110
\ — )/
240 ~_ 120
\
16QAM 230 130
— Ly =0dB 220 J T — 140
— L,=25dB 210 ~— 150
— L =40dB 190 g5 170 0
Table 10: Protection zone radii for 16QAM
6 G(0)/dBi LB dkm  L/dB  dkm  L/dB  dkm
(erf:O) (erfzo) (erf:25) (erf:25) (erf:4o) (erf:40)
0° 40.0 273.0 886 248.0 527 233.0 330
+1° 35.8 268.8 827 243.8 465 228.8 294
+1.5° 30.5 263.4 751 238.4 391 223.4 254
+(1.8°...2.43) 26.2 259.2 691 234.2 342 219.2 224
+5° 18.4 251.4 577 226.4 274 211.4 189
+10° 10.9 243.9 466 218.9 226 203.9 157
+20° 3.3 236.3 365 211.3 186 196.3 123
+(48°...180) —-6.1 226.9 278 201.9 144 186.9 92
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Appendix Vic - Radar protection zones with 32QAM

Table 11: Protection zone radii for 32QAM

7 G@)yds UdB _ dkm _ LdB _ dkm _ LdB _ dkm

(Lix=0)  (L=0) (L=25) (Lix=25) (L=40) (L=40)

0° 40.0 274.0 900 249.0 542 234.0 34(

+1° 35.8 269.8 841 244.8 479 229.8 300
1.5 30.5 264.4 766 239.4 404 224.4 261
+(1.8°...2.43) 26.2 260.2 705 235.2 353 220.2 234
+5° 18.4 252.4 591 227.4 282 212.4 194

+10° 10.9 244.9 481 219.9 232 204.9 1571
+20° 3.3 237.3 377 212.3 191 197.3 124
+(48°...180°) -6.1 227.9 285 202.9 148 187.9 95
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Appendix VId - Radar protection zones with 128QAM

6
340 350 1 20
330 —— N 30
320 \ 40
310 Ty 50
300 T 60
290, 70
2 [ ] e
5 N
27017 $ggo0d (6)
- o
26 100
250 X~ / 110
240 120
128QAM 230 Ny 130
T+
— L¢=0dB 220 N 140
— L= 25dB 2108~ 11— 150
— L =40dB 20 755 g0 10
Table 12: Protection zone radii for 128QAM
7 G(6)/dBi  L/dB d/km L/dB d/km L/dB d/km
(erf:O) (erf:O) (erf:25) (erf:25) (erf:40) (erf:40)
0° 40.0 275.4 920 250.4 562 235.4 354
+1° 35.8 271.2 860 246.2 500 231.2 317
1.5 30.5 265.8 786 240.8 423 225.8 271
+(1.8°...2.43) 26.2 261.6 725 236.6 369 221.6 243
+5° 18.4 253.8 612 228.8 292 213.8 199
+10° 10.9 246.3 501 221.3 241 206.3 163
+20° 3.3 238.7 395 213.7 199 198.7 132
+(48°...180) -6.1 229.3 296 204.3 154 189.3 99
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